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Recombinant adeno-associated viruses (rAAVs) are commonly
used in gene therapy for preclinical research and therapeutic
applications. Despite the clinical efficacy of rAAVs, their
manufacturing involves challenges in productivity and quality,
leading to limited availability. In this study, we aimed to iden-
tify compounds that increase the capacity of cells to produce
AAV9 with a high-throughput small-molecule screening strat-
egy. With the Arrayed Targeted Library for AAV Screening
platform, we screened a library of 3,300 small molecules and
identified several targets, including cell cycle modulators,
G protein-coupled receptor modulators, histone deacetylate
inhibitors, Janus kinase inhibitors, and metabolic modulators.
Most notably, we identified Polo-like kinase isoform 1 (PLK1)
inhibitors as enhancers of adeno-associated virus (AAV) pro-
duction. Inhibiting PLK1 with HMN-214 increased AAV pro-
duction, which was largely consistent across HEK293 cell lines,
vector payloads, and capsid serotypes. Using cell cycle andRNA-
sequencing analysis, we showed that PLK1 inhibition halts cells
in the G2/M phase and blocks their exit from theM toG1 phase.
These findings support that inhibiting PLK1may enhance AAV
production and could be used to develop more cost-effective
methods to manufacture AAV for gene therapies.

INTRODUCTION
Adeno-associated viruses (AAVs) are commonly used in gene therapy
for preclinical research and therapeutic applications.1,2 These
nonpathogenic parvoviruses are approximately 4.7 kb, have a well-es-
tablished safety profile, and are nonpathogenic and non-integrating.
AAV capsids can also be engineered to increase vector tropism, which
allows AAVs to more efficiently deliver to the desired tissue type,
reduce the host immune response, and de-target from non-desired tis-
sues for better safety.3 These vectors are already consideredmostly safe
and well-tolerated, because more than 3,000 patients have been given
AAV gene therapies.4 Also, as of 2024, eight AAV gene therapies have
been approved by either the Food andDrugAdministration or the Eu-
ropean Medicines Agency (Glybera was first approved for lipoprotein
lipase deficiency and then withdrawn due to commercial consider-
ations).5,6 In addition, more than 700 programs are in development
in various stages from preclinical to late-stage clinical trials.4,6–10

These AAV-based gene therapy clinical trials have predominantly
targeted mid-size, rare monogenic indications.11 However, this focus
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is expanding as several preclinical programs explore more common
indications and refine methods of delivering pathway-modifying pay-
loads.6,11 These common indications include diabetes,12 hyperten-
sion,13 Alzheimer’s disease,14,15 and heart failure.16–19 However, the
vector demand and high costs of these treatments, especially for sys-
temically delivered therapies, hinder widespread adoption of these
lifesaving medicines.6,11,20

Challenges preventing widespread use of AAV-based therapies relates
to constraints with their manufacturing.20 These constraints include
low volumetric yields21 and high batch-to-batch variability.22 They
also include poor quality due to low full-to-empty capsid ratios and
packaging of undesired, potentially harmful DNA sequences.23,24 To
improve AAV manufacturing, most efforts have focused on design of
experiment (DoE) strategies, including the composition of cell culture
media, the density of host cells, transfection reagents, and plasmid ra-
tios and sizes.25–27 Although DoE studies are needed to optimize AAV
bioproduction, their effectiveness is constrained within the boundaries
of an existing manufacturing platform, and they typically lead to only
marginal improvements. Therefore, DoE studies alone may not be
enough to drive enhancements in AAV production.6 As a result,
improvement efforts have now expanded from DoE studies to include
(1) generating clonal28 and stable producer cell lines29,30 (2) using the
self-attenuating adenovirus (tetracycline-enabled self-silencing adeno-
virus [TESSA]) platform,31 (3) supplementing with microtubule and
histone deacetylase inhibitors,32 (4) modulating MAPK signaling
with miR-431 and miR-636,33 (5) activating SKA2 and ITPRIP with
CRISPR,34 and (6) knocking out endoplasmic reticulum-Golgi mem-
brane components (TMED2, TMED10, MON2).35

In this study, we aimed to identify small molecules that enhanced
rAAV production for research, preclinical, and ultimately clinical ap-
plications. To identify enhancers that increased the AAV production
capacity of cells, we completed a high-throughput small-molecule
screen of bioactive compounds with our Arrayed Targeted Library
for AAV Screening (ATLAS) platform.36 We then confirmed the
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effects of the identified compounds on AAV production in multiple
validation studies.

RESULTS
A high-throughput screening platform to identify enhancers of

AAV production

To identify candidate targets and pathways that improve AAV
production, we developed ATLAS, a high-throughput screening
platform.36 This platform is modality-agnostic and amenable to
gain-of-function and loss-of-function screens. Before the screen, we
optimized the cell-seeding density and transfection conditions in
adherent human embryonic kidney (HEK) cells (Figure S1A).

Next, we developed a cell-based functional titer assay to enable high-
throughput measures of functional AAV particles in microwell plates.
To overcome the low efficiency of in vitro AAV9 transduction in
cells,37 we developed a reporter cell line that contains a flipped
mCherry-P2A-NanoLuciferase (NLuc) flanked by loxP sites. When
these reporter cells are introduced to a GFP-Cre-expressing AAV vec-
tor containing an inverted terminal repeat (ITR), the mCherry-P2A-
NLuc cassette is flipped to allow detection of both the mCherry and
NLuc signals (Figures S1B–S1D).

To rapidly validate primary hits in suspension HEK293 cells, we also
optimized AAV production using a 96-well suspension format
(Figures S1E and S1F). With these conditions (detailed in the mate-
rials and methods), we obtained similar yields of AAV9 vector
genome in 96-well, 6-well, and 125-mL shake flask suspension vessel
formats. Higher vector genome titers per cell were obtained in the
Ambr15 microbioreactor and adherent formats (Figure S1G).

Compound screen identifies cell cycle modulators as putative

enhancers of AAV9 production

To identify compounds that enhance AAV9 production, we completed
a high-throughput screen of a library of approximately 3,300 bioactive
small molecules. For this screen, we triple-transfected HEK293F cells
with a Rep Cap9 plasmid, Helper plasmid, and ITR-containing reporter
vector. Then we seeded the transfected cells onto 96-well plates and
performed an arrayed screen with the bioactive small-molecule library
at a 1 mM dose (Figure 1A). Then we determined the capsid titer with
AAV9 capsid ELISA (enzyme-linked immunosorbent assay). We
normalized the results from the primary screen to the dimethyl sulf-
oxide (DMSO) mean across all plates and ordered them by rank (Fig-
Figure 1. High-throughput screen identifies compounds that improve AAV9 pr
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ure 1B). The top-performing compounds that increased AAV9 capsid
titer 3s above the DMSO mean were clustered into five pathways or
target classes: cell cycle modulators, G protein-coupled receptor
(GPCR) modulators, histone deacetylase (HDAC) inhibitors, Janus ki-
nase (JAK) inhibitors, and metabolic targets. All 46 compounds identi-
fied in the primary screen are summarized in Table S1.

Polo-like kinase and microtubule inhibitors increase AAV9

capsid titer and functional titer in HEK293 cells

To confirm the top hits from the primary screen, we treated adherent
HEK293 cells with four doses of compounds identified from the pri-
mary screen and measured the capsid titer with an AAV9-capsid
ELISA. We found that a Polo-like kinase 1 (PLK1) inhibitor (HMN-
214) and microtubule inhibitors (combretastatin A4, vindesine
sulfate, ansamitocin p-3, and monomethyl auristatin E [MMAE])
increased the titer of AAV9 capsids by more than 1.6-fold vs. the
DMSO control (Figure 1C). We also measured the relative AAV9
functional titer using a cell-based assay (described in Figures S1B–
S1D) and plotted these data against the capsid titer (Figure 1D). The
top two performing compounds that increased both capsid titer and
functional titer were HMN-214 and Combretastatin A4. To test if
co-administration of HMN-214 and microtubule inhibitors further
boost AAV9 production, twomicrotubule inhibitors (Combretastatin
A4 and MMEA) were first tested as a single agent in suspension
HEK293 cells. Both Combretastatin A4 and MMEA showed a dose-
dependent increase in AAV9 production (Figure S2A). However,
combination of CombretastatinA4 andHMN-214 did not show an in-
crease in AAV9 production (Figure S2B).

Given that microtubule inhibitors have been reported to enhance
AAV production,32 and the discovery of PLK in AAV production,
we focused our further studies on the role of PLKs in AAV
manufacturing. We expanded the inhibitor search space to include
compounds that target four isoforms of PLK. We found that inhibit-
ing PLK1 and its upstream activator Aurora kinase A/B (AURKA/
B)38–42 enhanced AAV production in adherent HEK293 cells by
approximately 2-fold (Figures 2A and 2B).

HMN-214,HMN-176, and rigosertib dose-dependently increased

AAV9 capsid titer, vector genome titer, and functional titer in

suspension HEK293 cells

We tested how three PLK1 inhibitors affect AAV production in
suspension HEK293 cells. These inhibitors included HMN-214,
oduction
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HMN-176 (an active metabolite of HMN-214),43 and rigosertib
(a structurally different PLK1 inhibitor).44 We added these PLK1 in-
hibitors at the time of triple-transfection in suspension HEK293 cells.
Inhibiting PLK1 using these compounds resulted in a dose-dependent
increase in AAV9 production measured by capsid titer, vector
genome titer, and functional titer (Figures 2D–2F). Because the per-
formance did not significantly differ among these PLK1 inhibitors,
and HMN-214 was first identified in the primary screen, we focused
our further studies on HMN-214 as a tool compound. Notably, treat-
ment with HMN-214 resulted in an increase in AAV9 capsid titer,
both within cells and in AAV secreted into the cell culture media
(Figure S2C).

To confirm that greater AAV titers were not due to higher transfec-
tion efficiency, we measured the transfection signal in HEK293 cells
with and without HMN-214 using two-plasmid reporter transfections
(mCherry and GFP) (Figure S2D). We found that HMN-214 did not
significantly alter plasmid transfection efficiency (Figures S2E and
S2F), which suggests that enhancement in AAV9 production is not
due to an increase in transfection efficiency.

HMN-214 increases AAV9 titer using a split two-plasmid system

in the Ambr15 microbioreactor

To ensure translatability of our findings to a bioreactor system, we
tested different doses and timings of HMN-214 treatment using an
Ambr15 microbioreactor. For these studies, we used an AAV9 split
two-plasmid system described previously.45 In this split two-plasmid
system, one plasmid carries the ITR-containing reporter with Cap9
and the other plasmid carries the Helper elements and Rep2 (Fig-
ure 3A). We transfected the split two-plasmids into suspension
HEK293 cells in the Ambr15 microbioreactor. To determine the
optimal timing for HMN-214 addition, cells with HMN-214 at
various time points (0 h; 4 h; and 0, 24, and 48 h) during AAV9 pro-
duction (Figure 3A). When we tested the doses of HMN-214 (range,
0.3–10 mM), we noticed a dose-dependent increase in AAV9 vector
genome titer at doses up to 3 mM, with maximal efficacy at 1 mM.
However, these titers dropped at higher doses of HMN-214 (6 and
10 mM), possibly due to reduced cell viability at these concentrations
(Figures 3B and 3C). Host cell DNA, Cap, and kanamycin resistance
gene (KanR) DNA impurities dose-dependently increased with higher
doses of HMN-214 (Figures S3B–S3D).

Our initial Ambr15 study suggested the optimal timing for inhibiting
PLK1 to increase AA9 yields is at the point of transfection. We sub-
sequently validated these findings in follow-up studies using the split
two-plasmid transfection system, applying the optimal dose and
Figure 2. HMN-214, HMN-176, and rigosertib dose-dependently increased AAV9

cells

(A) Schematic overview of study to measure the effects of PLK and Aurora kinase inhi

(C) vector genome titers are displayed as a heatmap relative to the DMSO control. Inhibi

higher than baseline in adherent HEK293 cells. Adding HMN-214, HMN-176, and rig

increase in AAV9 production in suspension HEK293 cells. AAV9 production was measu

Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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timing of HMN-214 (1 mM at 0 h). In all these studies, the capsid titer
was an average of 2.8-fold higher, and the vector genome titer was an
average of 2.9-fold higher in cells treated with HMN-214 vs. DMSO
control (Figures 3E and 3F). However, the Vg:Cap ratio did not differ
between groups (Figure 3G).

HMN-214 increases AAV9 production in multiple HEK293 cell

lines

To confirm that our findings with HMN-214 were not limited to one
specific HEK293 cell line, we tested its effects on AAV9 production
across HEK293 cells from four different sources (materials and
methods and Table S2). We developed clonal cell lines using the Sol-
entim VIPS PRO Single Cell Seeder,46 and included a number of
clones for this study. We then treated the HEK293 cell lines with
the most efficacious dose of HMN-214 from our previous studies
(1 mM) in both shake flasks and Ambr15 bioreactors. We found
that HMN-214 treatment increased AAV9 production in several
polyclonal and clonal cells lines (Figures 4A, 4B, S4A, and S4B), sup-
porting that HMN-214 enhances AAV9 production in HEK293 cells
from different sources.

HMN-214 increases AAV9 production using vectors expressing

therapeutic transgenes

We tested the effects of HMN-214 on three additional vectors con-
taining therapeutically relevant transgenes with approved gene
therapy products (F9, SMN1, RPE65). To minimize the confounding
effects of promoter choice and regulatory elements on AAV yields, we
used the same vector design for all vectors and only changed the
sequence of the transgene of interest. With our triple-transfection
method, we found that HMN-214 significantly increased the AAV9
vector genome titer approximately 2-fold when using vectors express-
ing therapeutic transgenes (Figure 4C).

HMN-214 increases AAV production in multiple serotypes

Next, we measured whether HMN-214 enhances production of other
AAV serotypes. We triple-transfected HEK293 cells with multiple
AAV serotypes (1–9 and Rh10) and treated these cells with HMN-
214 at the time of transfection. HMN-214 significantly increased
both the vector genome titer and functional titer across all tested se-
rotypes, except AAV3 (Figures S4C and S4D). For AAV3, HMN-214
significantly increased the vector genome titer (Figure S4C) but not
the functional titer (Figure S4D). This difference may be because
we optimized the functional titer assay for AAV9, which was the pri-
mary focus of our initial screen. As a result, the functional titer assay
may have different sensitivities to different AAV serotypes, poten-
tially influencing the observed differences. Nonetheless, our findings
capsid titer, vector genome titer, and functional titer in suspension HEK293

bitors on AAV9 production in adherent and suspension cells. (B) AAV9 capsid and

tion of PLK1 and Aurora kinase enhanced AAV9 production by approximately 2-fold

osertib (PLK1 inhibitors) at the time of triple-transfection led to a dose-dependent

red based on (D) capsid titer, (E) vector genome titer, and (F) relative functional titer.

. DMSO, dimethyl sulfoxide; ns, not significant.
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Figure 3. HMN-214 increases AAV9 titer in a split two-plasmid system in the Ambr15 microbioreactor

(A) Schematic overview of confirmatory studies in the Ambr15 microbioreactor using a split two-plasmid system evaluating the effects of HMN-214 on AAV9 production.

HMN-214 was added at various times (0 h; 4 h; and 0, 24, and 48 h) during AAV9 production. (B–D) AAV9 vector genome titer increased in a dose-dependent manner up to

1 mM of HMN-214 and declined at higher doses. Data from independent Ambr15 studies show an average of �2.8-fold increase in AAV9 (E) capsid titer and (F) vector

genome titer using HMN-214 (1 mM, addition at 0 h). (G) The Vg:Cap ratio did not differ with HMN-214 treatment. Data are shown as mean ± SD. Statistical analysis was

performed using the Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. ITR, inverted terminal repeat; ns, not significant.

Molecular Therapy: Methods & Clinical Development
suggest that HMN-214 increases AAV production independent of the
AAV capsid when using triple-plasmid transfection.

HMN-214 slows growth of HEK293 cells by halting cells in the

G2/M phase and blocking exit from the M to G1 phase

Given the role of PLKs in cell cycle progression,40,47 we explored the
mechanism by which PLK inhibitors may lead to higher AAV titers.
6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
First, we looked at the growth rate of HEK293 cells after transfection
and treatment with different doses of HMN-214.We found that adding
HMN-214 slowed the growth of HEK293 cells (Figure 5A) at a rate that
anticorrelated with AAV9 capsid titer after transfection (Figure 5B).

To further interrogate the effects of HMN-214 on the cell cycle, we
assayed cell proliferation with dual DNA content and EdU flow
025
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Figure 4. HMN-214 increases AAV9 titer in clonal HEK293 cells and vectors containing therapeutic transgenes

(A) AAV9 production was performed using different HEK293 cells in shake flasks. Cells were transfected with the triple-plasmid system andHMN-214 (1 mM)was added at the

time of transfection. HMN-214 increased AAV9 vector genome titer in a polyclonal HEK293 cell line (AC1P) and two clonal lines (AAVPro and 293F). AAV9 titers increased in

the third clonal cell line (AC1877); however, the effect size was not statistically significant. (B) AAV9 production was performed using different HEK293 cells in the Ambr15

microbioreactor system. Cells were transfected with the split two-plasmid system and HMN-214 (1 mM) was added at the time of transfection. HMN-214 increased AAV9

vector genome titer in a polyclonal HEK293 cell line (AC18P) and two clonal lines (AC1888 and AC1877). AAV9 titers did not significantly increase in the third clonal cell line

(AC18105). (C) AAV9 production was performed in shake flasks using different vectors carrying therapeutic transgenes (F9, SMN1, RPE65) along with mCherry-P2A-NLuc

control vector. Cells were triple-transfected, and HMN-214 (1 mM) was added at the time of transfection. HMN-214 significantly increased AAV9 vector genome titers of other

vectors containing therapeutic transgenes. Data are shown as mean ± SD. Statistical analysis was performed using the Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001. ns, not significant.
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Figure 5. HMN-214 slows the growth rate of HEK293 cells by blocking cell cycle progression from the M to G1 phase

(A) HEK293 cells were triple-transfected with a pHelper, RepCap9, and ITR-containing reporter vector. Samples were treated with either DMSO or HMN-214 at the time of

transfection, and the cell count wasmonitored over time. The DMSO-treated condition shows a slightly lower cell count after transfection, but the cells continued to grow after

day 3. HMN-214-treated cells showed a slow decline in cell number over time. (B) AAV9 capsid titer was measured in DMSO-treated or HMN-214-treated samples on day

3 after triple-transfection and plotted against the rate of cell growth. The AAV9 capsid titer was anticorrelated with the cell growth rate. HMN-214 (1 mM) treatment (C) reduced

the percentage of proliferating cells (EdU-positive) and (D) increased the fraction of cells in the G2/M phase (EdU-negative, double-DNA content). A fluorescent ubiquitination-

based cell cycle indicator (FUCCI) reporter cell line was used to analyze cell proliferation and cell cycle states in various treatment groups. Groups treated with HMN-214

(legend continued on next page)
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cytometry. HMN-214 treatment reduced the percentage of prolifer-
ating cells (EdU-positive) and increased the fraction of cells in the
G2/M phase (EdU-negative, double-DNA content) (Figures 5C and
5D).We also developed a reporter cell line by integrating a fluorescent
ubiquitination-based cell cycle indicator (FUCCI) reporter into
HEK293 cells (Figures S5A–S5C). Then we used clonal FUCCI
HEK293 cells (AC1555) to analyze cell cycle states during treatment
with HMN-214. When cells were treated with HMN-214, a lower
fraction of FUCCI HEK293 cells were in theM/G1 phase and a higher
fraction were in the S/G2/M phase than the DMSO control (Figures
5E, 5F, and S5D–S5G).

Next, we measured the media concentrations of metabolic substrates
and metabolites in samples treated with or without HMN-214
during AAV9 production. After 3 days, HMN-214-treated samples
had significantly higher concentrations of glucose and glutamine in
the media, and significantly lower concentrations of lactate. This
suggests that reduction in cell growth rate when using HMN-214
leads to reduced glucose consumption, which in turn results in
less lactate accumulation compared with the control condition.
However, ammonium concentrations did not differ between groups
(Figure 5G).

Because active cell cycle progression leads to plasmid dilution, we hy-
pothesized that slowing cell cycle progression and preventing exit
fromM to G1 should increase expression from transiently transfected
plasmids. To test this hypothesis, we performed dual-plasmid trans-
fection (using GFP and an mCherry reporter) and monitored cells
for 4 days after transfection and HMN-214 treatment. In DMSO con-
trol and HMN-214-treated cells, the average reporter intensity per
cell increased approximately linearly with time. However, reporter
intensity increased significantly faster with HMN-214 treatment
(Figure 5H).

RNA-sequencing analysis identifies differentially expressed

pathways associated with HMN-214 treatment

To further interrogate the effects of PLK1 inhibition, we performed
RNA-sequencing (RNA-seq) on suspension HEK293 cells (untreated
and triple-transfected) treated with and without HMN-214. For each
arm of the study, we used three shake flasks and collected samples for
RNA-seq analysis before (0 h) and after (24 and 72 h) treatment (Fig-
ure S6A). The bioinformatics workflows and statistics on read counts
and genome alignment are outlined in Figures S6B and S6C. Analysis
of uniform manifold approximation and projection (UMAP) and
RNA expression correlation indicated high reproducibility among
replicates. These analyses also suggested that timing and exposure
to HMN-214, rather than transfection, are the major drivers of tran-
scriptional changes (Figures 6A and S6D).
(1 mM) showed (E) fewer cells in the M to G1 phase and (F) more cells in the S/G2/M phas

(1 mM) treatment during AAV9 production. (H) Dual reporter intensity (GFP andmCherry)

mCherry reporter expression was significantly higher in cells treated with HMN-214 vs.

Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. DMSO, dimet

Molecu
Inhibition of PLK1 with HMN-214 leads to differential expression

of genes involved in cell cycle progression

To explore the regulatory events after HMN-214 treatment, we iden-
tified several significantly upregulated and downregulated cellular
processes based on a gene ontology (GO) analysis in non-transfected
and triple-transfected samples. The GO categories that were signifi-
cantly upregulated included establishment of mitotic spindle orienta-
tion, negative regulation of the cell cycle in the G2/M phase transition,
and chromatin assembly. The GO categories that were significantly
downregulated included DNA-dependent DNA replication mainte-
nance and replication fork processing (Figure 6B).

Next, we identified the most differentially expressed genes at 24 and
72 h after HMN-214 treatment. Pathway analysis showed that differ-
entially expressed genes modulated transcription (e.g., ETV1, ETV4,
ETV5), the stress response (e.g., HSPA8,HSPB8), cell growth and dif-
ferentiation (e.g., GLIPR1, H1-0, VGF), the cytoskeleton/actin-bind-
ing (e.g., DNAH17, MYO15B), signal transduction (e.g., FLIP1,
DRD4), the cell cycle and proliferation (e.g., RBM5, ARTN, INHA,
MAPK15), and the extracellular matrix and adhesion (e.g.,
COL4A3, HAS2) (Figures 6C and S6E).

G2/Mphase arrest by HMN-214 is associatedwithmodulation of

key cell cycle regulators

We narrowed our analysis of cell cycle genes using the Reactome gene
set database.48 For this analysis, we selected a set of 157 genes most
often associated with the cell cycle. Of these genes, 92 were differen-
tially expressed either at 24 or 72 h after HMN-214 treatment [|log2
(fold change) | > 0.2; adjusted p value <0.05; Figure S7]. The most
highly upregulated genes [(|log2 (fold change) | > 0.5] included clus-
tered histone subunits (e.g., H2AC6, H2BC5), cyclins (e.g., CCNA2,
CCNB1), cell division cycle (e.g., CDC20, CDC26), AURKA, PLK1,
PLK2, and TP53. The most significantly downregulated genes
included other cell division cycles (e.g., CDC45, CDC7), anaphase-
promoting complex subunits (e.g., ANAPC2, ANAPC4), cyclin-
dependent kinases (e.g., CDK1, CDK2), cell cycle kinases (e.g.,
ATM, CHEK2, WEE1), and tubulin isoforms (e.g., TUBB, TUBB4A,
TUBB4B) (Figure 6D).

Finally, we aimed to evaluate the interaction of differentially ex-
pressed cell cycle transcripts after HMN-214 treatment. We mapped
our RNA-seq dataset to the protein-protein interaction network of
our curated list of 157 cell cycle genes using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) (Figure S8A).
This mapping revealed core nodes and clusters of factors that were
significantly modulated throughout the cell cycle regulatory network.
We also visualized the network with WikiPathways human cell cycle
genes (WP179) and mapped this network with our differential
e. (G) Substrate and metabolite concentration after 3 days with or without HMN-214

wasmeasured for 4 days after transfection and HMN-214 (1 mM) treatment. GFP and

DMSO. Data are shown as mean ± SD. Statistical analysis was performed using the

hyl sulfoxide; ns, not significant.
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expression dataset (Figure S8B). Using these analyses, we developed a
simplified model of how inhibiting PLK1 with HMN-214 leads to cell
cycle arrest in the G2/M phase and prevents entry to the G1 phase
(Figure 6E).

Under normal conditions, PLK1 expression increases during the S
phase, and PLK1 phosphorylation of CDC25C and other targets is
required for mitotic entry.49 With HMN-214 treatment, PLK1-
dependent phosphorylation is blocked, preventing the G2/M transi-
tion. HMN-214 also alters expression of CDC25C and several other
PLK1 interactors, further contributing to G2/M arrest. Notably,
HMN-214 downregulates genes encoding several key subunits of
the anaphase-promoting complex (e.g., ANAPC1/2/4/7) and upre-
gulates genes encoding cohesin complex subunits (e.g., SMC1/3,
STAG1/2). Also, HMN-214 treatment downregulates genes encod-
ing upstream negative regulators of PLK1 (e.g., ATM/ATR, CHK1/
2). We also found that HMN-214 upregulates the transcription
factor FOXM1, and its targets (e.g., AURKA, CCNB1), as well as
PLK1 itself (Figures 6C and 6D). These findings collectively suggest
a feedback regulatory mechanism that controls PLK1 expression and
function.50,51

DISCUSSION
In this study, we build on previous efforts to improve AAV produc-
tion and use high-throughput small-molecule screening to identify
enhancers of rAAV production. Using the ATLAS platform,36 we
identified putative enhancers of AAV production from a library of
approximately 3,300 small molecules. Our primary hits clustered
into five pathways or target classes: cell cycle modulators, GPCRmod-
ulators, HDAC inhibitors, JAK inhibitors, and metabolic modulators.
Most prominently, the PLK1 inhibitor HMN-214 increased AAV9
production by arresting cells in the G2/M phase and preventing cell
cycle progression from the M to G1 phase. The increase in AAV pro-
duction was largely consistent across different HEK293 cell lines and
clones, vector payloads, and capsid serotypes. These findings support
that inhibiting PLK1 may enhance AAV production regardless of cell
line, serotype, or vector payload.

PLKs are important regulators of the DNA-damage response, cell cy-
cle progression, spindle formation, and cytokinesis.42 As a result,
several PLK inhibitors are being developed as anti-cancer medi-
cines.47,52,53 PLKs consist of five paralogues, of which PLK1 is the
most studied.52 PLK1 localizes to centrosomes during G2, then at ki-
Figure 6. Inhibition of PLK1 with HMN-214 leads to differential expression of g

(A) UMAP analysis indicates high reproducibility among replicates and suggests that ex

changes. (B) Significantly upregulated gene ontology (GO) terms with HMN-214 treatm

cycle G2/M phase transition, and assembly of chromatin. Significantly downregulated G

fork processing. (C) Pathway analysis of differentially expressed genes at 24 and 72 h

stress response, cell growth and differentiation, the cytoskeleton/acting-binding, sig

adhesion. (D) The most highly upregulated cell cycle-associated genes after HMN-214 tr

AURKA, PLK1, PLK2, and TP53. The most downregulated genes included cell division c

cycle kinases, and tubulin isoforms. (E) Simplified model summarizing how Polo-like kina

prevents entry to the G1 phase. Red, upregulated genes; blue, downregulated genes.
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netochores and the spindle pole during metaphase. PLK1 is required
for mitotic entry during recovery from G arrest induced by DNA
damage.42,52,54 Also, when PLK1 is inhibited, cells enter mitotic
arrest.55

We confirmed the effects of HMN-214 on cell cycle arrest in the G2/
M phase and in blocking progression from the M to G1 phase. In line
with these findings, transcriptional profiling and GO analysis showed
that inhibiting PLK1 led to differential expression of genes involved in
mitotic spindle orientation, negative regulation of the G2/M phase
transition of the cell cycle, and chromatin assembly. In addition,
approximately 80% of transcripts involved in cell cycle regulation
were differentially expressed after HMN-214 treatment. Of these
genes, the most significantly upregulated encode histone subunits, cy-
clins, cell division cycle genes, AURKA, PLK1, and PLK2. Conversely,
the downregulated genes were involved in anaphase promotion, cy-
clin-dependent kinases, cell cycle kinases, and tubulins. With these
findings and further network analysis, we developed a model for
how PLK1 inhibition with HMN-214 induces cell cycle arrest in the
G2/M phase to prevent progression to G1.

Our small-molecule screen identified other cell cycle modulators (e.g.,
Wee1, HER2, MEK1 inhibitors), as well as previously reported micro-
tubule and HDAC inhibitors,32,56 as enhancers of AAV production.
Also, several recent RNA-seq studies identified key cellular pathways
that may be important for AAV production. These pathways include
stress, inflammatory, and immune response (e.g., Toll-like receptor,
JAK-STAT, unfolded protein response, heat-shock); metabolic and
amino acid transport; nucleosome components; and cell cycle regula-
tors.57–60 However, RNA-seq alone cannot reveal whether transcrip-
tional changes in these pathways promote or inhibit viral production,
or if these changes are a downstream response to upstream regulators
altered during AAV production.57 In the case of cell cycle modula-
tion, our small-molecule screen combined with RNA-seq revealed
that arresting cells in G2/M via PLK1 inhibition results in down-
stream transcriptional changes that further prevent cells from pro-
gressing through mitosis. These findings support that cell cycle regu-
lation is essential for enhancing AAV yields using transient
transfection. Arresting cells at the G2/M phase after transfection
likely frees cellular resources for viral capsid packaging and prevent-
ing plasmid dilution through cell division. This aligns with the
observed inverse relationship between cell growth and rAAV produc-
tion, suggesting that as cell division slows, fewer resources are
enes involved in cell cycle progression

posure to HMN-214, rather than transfection, was the major driver of transcriptional

ent included establishment of mitotic spindle orientation, negative regulation of cell

O categories included DNA-dependent DNA replication maintenance and replication

after HMN-214 exposure revealed modulation of genes related to transcription, the

nal transduction, the cell cycle and proliferation, and the extracellular matrix and

eatment included clustered histone subunit genes, cyclins, cell division cycle genes,

ycle genes, anaphase-promoting complex subunits, cyclin-dependent kinases, cell

se 1 (PLK1) inhibition with HMN-214 leads to cell cycle arrest in the G2/M phase and
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required for biomass maintenance, making more available for pro-
cesses dedicated to viral vector production. Arresting cell cycle pro-
gression may also help maintain the optimal stoichiometric ratio of
plasmids, contributing to higher AAV titers.

Our findings are supported by recent transcriptomic and proteomic
analyses of PLK1 inhibition.51,61 Thus, inhibiting PLK1 and PLK1-in-
teracting proteins may have synergistic effects on AAV production.
For example, p53 activation can reduce cell sensitivity to PLK1 inhi-
bition,62 and p53 was strongly upregulated in our HMN-214-treated
samples. Also, PLK1 inhibition led to downregulation of CDC7, a
downstream effector of PLK1 that is involved in maintaining DNA
replication forks.61 Furthermore, PLK1 inhibition is genetically
enhanced by spindle assembly and chromosomal attachment/segre-
gation factors.63 The dysregulation of these components in our data-
set suggests that they could be targeted along with HMN-214 treat-
ment to further enhance AAV output by arresting cells at G2/M.

In our screen, we identified some inhibitor classes (e.g., PLK, Aurora
Kinase, and JAK inhibitors) that were previously reported to increase
AAV transduction efficiency.64

Although we did not evaluate the effect of our lead small-molecule
AAV production enhancers on AAV transduction efficiency, these
inhibitor classes may share mechanisms for increasing both AAV
production and transduction. These possible shared mechanisms
warrant further investigation.

Our study has a few limitations. First, the small-molecule library we
used for our screen is enriched in anti-cancer compounds that affect
the cell cycle. Due to the limited diversity in the chemical space, our
screen does not cover all potential pathways and targets that may
influence AAV production. Second, our screen was performed at a
single dose (1 mM), which constrained our ability to identify small
molecules that are efficacious at concentrations higher or lower
than the tested dose. Third, we potentially further enhanced AAV
yields by incorporating additional compounds identified in our pri-
mary and confirmatory studies (e.g., GPCR modulators, JAK, Aurora
kinase, microtubule, HDAC inhibitors) alongside PLK1 inhibition.
To support this effort, identified targets could be temporarily modu-
lated in producer cell lines using genetic circuits, CRISPR-Cas9-based
knockout, or siRNA/shRNA knockdown strategies during AAV pro-
duction. Fourth, the scalability of our findings needs to be validated in
larger-scale production bioreactors. Fifth, the long-term stability and
safety of AAV produced with these small-molecule enhancers needs
to be assessed. Last, the economic feasibility of integrating these
small-molecule enhancers into an existing manufacturing workflow
needs further consideration. Addressing these limitations will be
crucial for advancing AAV production and making gene therapies
more accessible.

In conclusion, our study highlights the power of our high-throughput
screening method to identify putative enhancers of AAV production.
Through several studies, we validated that chemically inhibiting PLK1
12 Molecular Therapy: Methods & Clinical Development Vol. 33 March
enhanced AAV9 yields with different PLK1 inhibitors, HEK293 cell
lines, AAV serotypes, triple and split two-plasmid systems, transgene
payloads, and production formats (adherent, suspension shake flask,
and Ambr15 micro-bioreactor). Our findings show that inhibiting
PLK1 during the biomanufacturing process can significantly increase
AAV yields for research, preclinical applications, and potentially
good manufacturing practices. As the demand for AAV-based thera-
pies continues to grow, this strategy could enhance AAV production
and provide more cost-effective methods for manufacturing AAV for
gene therapies.

MATERIALS AND METHODS
Information on cell lines, media, compounds, and kits used in this
study are listed in Table S2.

Adherent and suspension adaptation of HEK293 cells

Adherent HEK293 cells were expanded in Dulbecco’s Modified Ea-
gle’s Medium (DMEM), high glucose, GlutaMAX Supplement, pyru-
vate (Thermo Fisher Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA)
in a 37�C, 5% CO2 incubator. Once cells reached approximately
80% confluence, the media was carefully aspirated and replaced
with BalanCD HEK293 media (FUJIFILM Irvine Scientific, Santa
Ana, CA). Then the cells were incubated for 48 h in the adherent
format at 37�C, 5% CO2. After 2 days in BalanCD HEK293 media,
cells were resuspended in 2 mL fresh media and placed on an orbital
shaker (125 rpm, 19-mm orbital throw) in a 37�C, 5% CO2 incubator.
After 2 days in suspension, cell viability and density were measured
using a Countess 3 and Trypan Blue (Thermo Fisher Scientific, Wal-
tham, MA), and cells were maintained at 0.5–5 E6/mL. After 9 days in
suspension, cells were transferred to 125-mL shake flasks. All cell lines
were negative for mycoplasma based on the MycoAlert Mycoplasma
Detection Kit (Lonza, Cambridge, MA).

Maintenance of HEK293 cells in suspension before transfection

Suspension HEK cells were maintained in BalanCD HEK293 media
on an orbital shaker (125 rpm, 19-mm orbital throw) in a 37�C, 5%
CO2 incubator. Cell growth and viability were monitored for
7–10 days until cells reached a density of 2.5–5E6/mL and >95%
viability before transfection. Cells were then centrifuged at 500 � g
for 5 min. Spent media was aspirated, and the cell pellet was resus-
pended in the appropriate volume of BalanCD HEK293 media to
achieve a density of 2.5E6/mL in a 125-mL shake flask.

AAV production using triple-transfection

The triple-transfection system used a pHelper and RepCap plasmid
(#6234, Takara Bio, Shiga, Japan), and an ITR-containing reporter
plasmid. The pHelper plasmid contained Ad5 E4, Ad5 E2A, and
Ad5 VA-RNA. The RepCap plasmid expressed AAV2-derived
Rep78 and Rep68 under the control of the P5 promoter; and Rep52
and Rep40 under the control of the P19 promoter. Serotype-specific
AAV Cap sequence containing VP1, VP2, and VP3 were synthesized
(Twist Bioscience) and cloned into the RepCap plasmid (#6234, Ta-
kara Bio, Shiga, Japan) under the control of the P40 promoter. The
2025
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ITR-containing reporter plasmid expressed mCherry-P2A-NLuc un-
der the control of a CMV promoter. Samples (cells and media) were
harvested 72 h after transfection and lysed using AAV-MAX lysis
buffer (Thermo Fisher Scientific, Waltham, MA) for AAV titer
analysis.

High-throughput compound library screen

pHelper plasmid, RepCap9 plasmid, and the ITR-containing reporter
vector were prepared at a 1:1:1M ratio. TheDNAmixwas then diluted
in phosphate-buffered saline (PBS) to obtain a volume of 10% of the
total culture volume and a final concentration of 3.0 mg/mL. Next,
room temperature TransIT-VirusGEN (Mirus Bio, Madison, WI)
transfection reagent was added to the diluted DNA at two times the
volume of the diluted DNA mix (2:1 transfection reagent to total
DNA) and incubated for 15 min at room temperature. Then the
TransIT-VirusGEN:DNA was added to a shake flask containing
HEK293F cells at a density of 2.5E6/mL and incubated for 4 h. Next,
transfected cells were diluted 1:5 with BalanCD HEK293 media to
obtain a cell density of 0.5E6/mL.Using amultichannel liquid handler,
90mLof cells were seeded perwell of a 96-well plate to obtain afinal cell
density of 50,000 cells/well. A compound library of bioactive small
molecules (Food and Drug Administration-approved and passed
phase 1 drug library; Selleckchem, Houston, TX) was diluted to create
a working library at a concentration of 10 mM. Using a multichannel
liquid handler, 10 mL of the 10 mM working library was added to
each well and mixed five times to obtain a final drug concentration
of 1mMperwell. Plates were then incubated at 37�C in a 5%CO2 incu-
bator for 72 h with no media change before harvesting samples. Then,
3 days after transfection and compound addition, samples (cells and
media) were harvested and lysed using AAV-MAX lysis buffer
(Thermo Fisher Scientific, Waltham, MA). AAV9 capsid titer was
determined with ELISA.

Determination of capsid titer from shake flask studies with

ELISA

A streptavidin-coated, high-capacity plate (Thermo Fisher Scientific,
Waltham, MA) was coated for 1 h at room temperature with the
CaptureSelect Biotin anti-AAV9 conjugate (Thermo Fisher Scientific,
Waltham, MA) at a dilution of 1:10,000 in PBS +0.1% Tween 20
(PBST). After incubation, the capture antibody solution was aspirated
from each well of the plate, and each well was washed three times with
150 mL PBST. Then 100 mL of either standard or sample was added to
the plate. A 5- to 7-point standard was used in all studies with the
AAV9 empty capsid standard (Progen, Heidelberg, Germany). The
plate was covered with foil-sealing film and incubated on a shaker
for 1 h at room temperature. After incubation, the entire sample
was aspirated, and the plate was washed three times with 150 mL
PBST. CaptureSelect horseradish peroxidase anti-AAV9 conjugate
(Thermo Fisher Scientific, Waltham, MA) was diluted 1:50,000 in
PBST, and 100 mL of the diluted detection antibody was added to
each well. The plate was covered with foil-sealing film and incubated
on a shaker for 1 h at room temperature. After incubation, the horse-
radish peroxidase anti-AAV9 conjugate solution was aspirated and
washed three times with 150 mL PBST. Then 100 mL TMB ELISA sub-
Molecu
strate (highest sensitivity; Abcam, Waltham, MA) was added per well
and incubated for 2–5 min before adding 100 mL of ELISA Stop Solu-
tion (Thermo Fisher Scientific, Waltham, MA). Absorbance was
measured on the Varioskan microplate reader at 450 nm (Thermo
Fisher Scientific, Waltham, MA).

Determination of vector genome titer from small-scale studies

with quantitative PCR

Purified or crude viral supernatant was treated with DNase I for
90 min at 37�C according to manufacturer’s instructions (New En-
gland BioLabs, Ipswich, MA). Quantitative PCR was performed using
a custom fluorescein amidites probe against Nano Luciferase (Thermo
Fisher Scientific, Waltham, MA) and TaqMan Fast Advanced Master
Mix (Thermo Fisher Scientific, Waltham, MA) on a QuantStudio 6
Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA). Plasmid DNA was used at concentrations from 0.0001 to
1 ng/mL to generate a standard curve.

AAV harvest and purification from small-scale studies

Cells were lysed via three rounds of freezing on dry ice followed by
thawing at 37�C. After mixing lysed samples, cell debris was removed
by centrifuging at 1000 � g for 10 min, and AAV-containing super-
natant was saved for processing and stored at �80�C.

Confirmation studies in suspension HEK293 cells

Confirmation studies were performed in suspension using four lines
of HEK293 cells from different sources: Expi293F (Thermo Fisher
Scientific, Waltham, MA), AAVpro 293T (Takara Bio, San Jose,
CA), HEK293/“AC18P” (DSMZ, Braunschweig, Germany), and
HEK293/“AC1P” (Cytion, Eppelheim, Germany). Additional details
about these cell lines are outlined in Table S2. Cells were maintained
in suspension in BalanCD HEK293 media (FUJIFILM Irvine Scienti-
fic, Santa Ana, CA) supplemented with 4 mM L-glutamine (Thermo
Fisher Scientific, Waltham, MA) on an orbital shaker (125 rpm,
19-mm orbital throw) at 37�C in a 5% CO2 incubator. Cell growth
and viability were monitored for 7–10 days until cells reached a den-
sity of 2.5–5E6/mL and >95% viability before transfection. Then cells
were centrifuged at 500� g for 5 min. Spent media was aspirated, and
the cell pellet was resuspended in the appropriate volume of BalanCD
HEK293 media to achieve a density of 2.5E6/mL in a 125-mL
shake flask.

Transfection mix was prepared as described above, TransIT-
VirusGEN:DNA was added to the shake flask with cells at a density
of 2.5E6/mL. Compounds were solubilized at a 1000� concentration
in DMSO and added to the shake flask at the time of transfection
(final concentration of 0.1% DMSO). Shake flasks were then incu-
bated at 37�C in a 5% CO2 incubator for 72 h with no media change
before sample harvest.

rAAV production in Ambr15

rAAV was produced in an Ambr 15 Generation 2 Cell Culture 24
Bioreactor System (Sartorius, Göttingen, Germany). Ambr 15cc bio-
reactors with sparge were equilibrated with 12 mL of BalanCD
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HEK293 media (FUJIFILM Irvine Scientific, Santa Ana, CA) supple-
mented with 4 mM L-glutamine (Thermo Fisher Scientific, Waltham,
MA) at 37�C, 40% dissolved oxygen, and pH set point 7.4. Then 20 mL
EX-CELL antifoam (Millipore Sigma, Burlington, MA) was added to
each bioreactor every 12 h starting immediately after media fill. To
adjust pH levels, 1 M sodium bicarbonate solution was used.
HEK293 suspension cells were seeded into Ambr 15cc bioreactors
at a final concentration of 2.5 M/mL. Cells were transfected with
the split two-plasmid system45 (4:3 M mixture of Helper and vector
plasmid) using the linear polyethylenimine transfection reagent
PEIpro (Polyplus, Illkirch, France) according to the manufacturer’s
instructions. Per viable cell, a total plasmid DNA amount of
0.52 pg was applied. The PEIpro-DNA complexes were prepared in
BalanCD HEK293 media supplemented with 4 mM L-glutamine.
HMN-214 was added to respective bioreactors in BalanCD
HEK293 media at a final concentration of 0.1% DMSO. Cells were
cultured for 3 days after transfection, followed by harvest and lysis
with three freeze-thaw cycles (�80�C and 37�C). Cell debris was
removed by centrifuging at 3,700 � g for 30 min at 4�C. Cell lysates
underwent a nuclease treatment procedure to remove extra-particu-
late DNA. For this procedure, the samples were treated by adding De-
narase endonuclease (c-LEcta, Leipzig, Germany) at a final activity of
0.02 U/mL and incubating at room temperature for at least 12 h. Then,
samples were centrifuged at 1000 � g for 10 min to remove any pre-
cipitate arising from the treatment and supernatant was retained.

rAAV purification from Ambr15

rAAV particles were purified from the Denarase-treated cell lysates
using affinity chromatography based on a spin column and applying
POROS CaptureSelect AAVX Affinity Resin (Thermo Fisher Scien-
tific, Waltham, MA). We used 150 mL of resuspended affinity resin
per cell lysate. Before use, the affinity resin was washed three times
with 300 mL of equilibration/wash buffer (20 mM Tris, 100 mM
NaCl, pH 7.5). Between wash steps, the affinity resin suspension
was centrifuged at 1000 � g for 1 min, and supernatants were dis-
carded. After the final centrifugation step, the affinity resin was re-
suspended in 300 mL of equilibration/wash buffer and transferred to
the cell lysate. The mixture was incubated at room temperature for
90 min in an overhead shaker. After incubation, the affinity resin
containing captured rAAV was recovered by centrifuging at
1000� g for 1 min and discarding the supernatant. The affinity resin
containing captured rAAV particles was transferred to Pierce Cellu-
lose Acetate Filter Spin Cups (Thermo Fisher Scientific, Waltham,
MA). The resin was then washed five times with equilibration/
wash buffer, with intermittent centrifugation at 1000 � g. Finally,
the bound rAAV particles were eluted in three rounds, each consist-
ing of adding 100 mL elution buffer (20 mM sodium citrate, 98 mM
NaCl, pH 2.5) and then neutralizing the eluate with neutralization
buffer (2 M Tris).

Quantification of plasmid-derived impurities from Ambr15

Plasmid-derived impurities were quantified with qPCR for defined se-
quences of the kanamycin resistance gene (kanR, on both Helper and
vector plasmids) and the AAV Cap gene (on the vector plasmid).
14 Molecular Therapy: Methods & Clinical Development Vol. 33 March
These qPCR techniques were performed on the purified material,
with modifications to the impurity specific primer pairs, linearized
plasmid standards, trending controls, and annealing temperatures
in the qPCR setup.

Quantification of host cell-derived impurities from Ambr15

DNA sequences, such as nucleic acid material from the genome of
host cells in which AAVs are produced, can be packaged into
rAAV particles, which constitutes product-related impurities. Host
cell-derived impurities in purified material were quantified with
droplet digital polymerase chain reaction (ddPCR) specific for
defined sequences of the 18S rRNA gene locus of the 45S ORF present
in HEK293 cells.

Substrate and metabolite analysis

Substrate and metabolites were analyzed using the FLEX2 analyzer
according to the manufacturer’s instructions (Nova biomedical, Wal-
tham, MA).

Click-iT EdU and FxCycle violet for the flow cytometry stain

assay

DNA replication in proliferating cells was analyzed with the Click-iT
EdU Alexa Fluor 647 Flow Cytometry Assay Kit according to manu-
facturer’s instructions (Thermo Fisher Scientific, Waltham, MA).
Briefly, cells were incubated with 50 mM EdU for 1 h, washed once
with 1% bovine serum albumin in PBS, fixed with Click-iT fixative
for 15 min, washed once with 1% bovine serum albumin in PBS,
and permeabilized by resuspending in 1� Click-iT saponin-based
permeabilization and wash reagent. Then, cells were incubated in
Click-iT detection cocktail for 30 min and washed once with 1�
Click-iT saponin-based permeabilization and wash reagent. Next,
DNA content in fixed cells was measured using FxCycle Violet stain
according to manufacturer’s instructions (Thermo Fisher Scientific,
Waltham, MA). Two drops of FxCycle Violet Ready Flow Reagent
were added to EdU-stained and fixed cells, incubated for 30 min,
and protected from light using aluminum foil. Samples were analyzed
on the Attune flow cytometer (Thermo Fisher Scientific, Waltham,
MA) using the VL1 and RL1 channels.

Generation of a FUCCI cell cycle reporter (AC1555)

A plasmid containing the FUCCI-reporter cassette and a CMV-
driven puromycin-selectable marker was synthesized.65 In this
cassette, a CBh promoter drives expression of an mKO2 florescent re-
porter fused to Cdt1, followed by T2A and mAzami-Green florescent
reporter fused to Gem1. Then 1 mg of the FUCCI plasmid was nucle-
ofected into 1E6 HEK293 cells with the 4D-nucleofector transfection
system and the SF Cell Line 4D-Nucleofector X Kit S (Lonza, Wal-
kersville, MD). Five days after nucleofection, cells were treated with
5 mM puromycin (Thermo Fisher Scientific, Waltham MA). After
10 days of puromycin selection, the polyclonal population was seeded
as single cells using the Solentim VIPS PRO Single Cell Seeder
(Advanced Instruments, Norwood, MA). Clones were isolated and
verified using microscopy and flow cytometry. A single HEK293
clone (AC1555) was selected based on the amount of reporter
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expression and the growth rate for further studies to analyze cell pro-
liferation and cell cycle states in various treatment groups.

Flow cytometry

Suspension HEK293 cells were collected and pelleted at 500 � g for
5 min. For each sample, 10,000 live events were captured on the At-
tune flow cytometer (Thermo Fisher Scientific, Waltham, MA) and
analyzed using Attune software.

RNA preparation and sequencing

To characterize RNA expression profiles, suspension AC230 cells
were seeded onto six-well plates at a density of 2.5E6 cells/mL in
3 mL of BalanCD HEK293 media with 4 mM L-glutamine. Cells
were treated with HMN-214 (1 mM) or 0.1% DMSO control. For
each condition, three replicates were triple-transfected for AAV pro-
duction as described in the “AAV production using triple-transfec-
tion” section. For each replicate, 750 mL of cells were removed before
transfection and HMN-214 treatment (0 h), as well as 24 and 72 h af-
ter treatment. Cells were pelleted, flash frozen, and stored at �80�C.
Total RNA was extracted using the Direct-zol-96 RNA Kit (Zymo
Research, Irvine, CA) according to the manufacturer’s instructions.
The RNA concentration was quantified using a NanoDrop spectro-
photometer (Thermo Fisher Scientific, Waltham, MA), and RNA
quality was assessed via High Sensitivity RNA Screen Tape Analysis
(Agilent [Santa Clara, CA]; performed via SeqMatic [Fremont,
CA]). Illumina stranded polyA mRNA library preparation and
sequencing (NovaSeq X) were performed by SeqMatic (Fremont,
CA). On average, 35,425,777.5 ± 2,631,821.5 reads (150-base pair,
paired-end) were generated per sample. We deposited our RNA-seq
data on the Gene Expression Omnibus (GEO) database: GEO Sub-
mission (GSE273692).

Differential expression analysis

We assessed sequence quality using FastQC66 and trimmed adapter
sequences, and low-quality reads using Trimmomatic.67 Trimmed
reads were aligned to the human genome (GRCh38.84) using Hi-
sat2.68 We then generated gene-level counts of aligned reads using
Subread’s featureCounts function.69 On average, Hisat2 aligned
95.9% ± 1.6% of reads to the genome one or more times. Of these
reads, 82.3% ± 2.0% were successfully assigned to genomic features.

After obtaining high-quality sequence alignments and counts, we
generated an expression matrix and analyzed differential expression
with the BigOmics platform.70 Raw counts were converted into
counts per million (CPM) and log2 normalized for downstream anal-
ysis. Genes with at least 1 CPM across two or more samples were
included in the analysis. By default, the BigOmics platform uses a
combination of statistical tests for differential expression via DESeq2
(Wald), edgeR (QLF), and limma (trend).

Initial UMAP clustering and differential expression tests were per-
formed within the BigOmics web environment, and results were ex-
ported for visualization. Correlations between pairwise gene expres-
sion of samples were calculated in R using the Pearson method.
Molecu
Multiple contrasts were generated in the BigOmics environment to
compare expression profiles between (1) HMN-214 vs. DMSO, (2)
triple-transfection vs. no transfection, and (3) 24 vs. 0 h and 72 vs.
0 h timepoints. Unless otherwise noted, we applied a false-discovery
rate threshold of 0.01 and a log2 (fold change) threshold of 0.5 to iden-
tify top differentially expressed genes across analyses.

Gene set analysis

To characterize the effects of HMN-214 treatment on gene expres-
sion, we performed Reactome pathway analysis48 using the top
differentially expressed genes between samples treated with
HMN-214 and DMSO. We identified overrepresented pathways
based on a p value threshold of 0.05. We then manually curated
the results for heatmap visualization by combining overlapping
pathways and removing duplicate genes across functional cate-
gories. We used a similar approach to classify differentially modu-
lated genes after triple-transfection and AAV production. Also, to
identify significantly enriched cellular components and molecular
functions after HMN-214 treatment, we performed GO analysis us-
ing the BigOmics platform.

Network visualization of cell cycle genes

To visualize how HMN-214 alters expression of cell cycle control
genes, we curated a list of 157 human genes identified from Reac-
tome48 and WikiPathways71 gene sets related to the cell cycle. We
queried this list using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING)72 to build an interaction network, with a
confidence cutoff of 0.9 and edge thickness corresponding to the com-
bined STRING interaction score. We thenmerged the node table with
our differential expression results (HMN-214 vs. DMSO, 72 h) within
the Cytoscape application, mapping node color to the log2FC and
node shape to the adjusted p value. To visualize gene modules, we
applied the Markov Cluster Algorithm with an inflation value of
2, and we removed clusters with two or fewer genes for visualization.
To visualize how our dataset maps onto the canonical cell cycle
pathway, we merged the human cell cycle pathway from
WikiPathways (WP179) with our full differential expression dataset
(HMN-214 vs. DMSO, 72 h), again mapping the node color to log2FC
and the shape to the p value.

Statistical analysis

The number of replicates is indicated in the figure legends. Unless
otherwise specified, the Student’s t test was used for statistical anal-
ysis, with significant differences defined as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001. Error bars indicate standard devia-
tion (SD).
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