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Abstract: High-throughput detection of gene expression changes enables novel
biological discovery. However, current methods suffer limitations. Methods coupled
with RNA-sequencing involve higher costs and technological barriers while gene
reporter assays only account for promoter activity. Here, we developed a high-
throughput, amplification-free, and accessible method, Cellular Fluorescence
Anisotropy of RNA (CFAR) for assessing the effect of multiple perturbations on the
endogenous expression of one or a few genes. CFAR measures cellular RNA levels
through changes in fluorescence anisotropy of fluorescent dye-labeled DNA probes.
Heating and centrifugation steps remove unwanted cellular components. CFAR
robustly detects expression changes of endogenously expressed genes with potential for
duplex measurements and can quantify absolute numbers of transcripts. In a high-
throughput chemical screen for oncogene MYC expression modulators, CFAR
identified hits more robustly than the traditional gene reporter assay. From the screen,
we validated FDA-approved drugs that can potentially be repurposed for
downregulating MYC expression in colorectal cancer cells. CFAR is an accessible
alternative tool for assessing perturbations on endogenous gene expression.
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Introduction:

Gene expression is an essential process that underlies biological processes and is
frequently dysregulated in diseases such as cancer!. Recent studies and methods have
been published to generate large datasets examining the effects of genetic or chemical
perturbations on gene expression for novel biological discovery . However, these
methods are often costly, have high technological barriers, and are generally
inaccessible to many research groups.

RNA-sequencing (RNA-seq) is commonly coupled with genetic or chemical
screening to identify changes in multiple transcripts 2. RNA-seq involves fragmenting
isolated RNA into small fragments, converting the RNA into cDNA, attaching adaptors,
and then amplifying the sequences. cDNAs are then attached to the surface of a flow
cell, amplified, and subjected to cycles of fluorescently labeled nucleotide
incorporation to sequence the cDNA fragments. A limitation of RNA-seq is that library
preparation, which includes cDNA synthesis and amplification, introduces errors and
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biases. In addition, sequencing is relatively costly and labor intensive if detection of
only a few transcripts is required >.

Another common method of measuring transcriptional output is the reporter gene
assay, which detects promoter activity of a gene-of-interest through fluorescence or
luminescence activity of a reporter gene. While this method can be used for high-
throughput screening of conditions that alter expression of the gene-of-interest, it
requires knowledge of the promoter region and genetic modification, lacks sensitivity,
and does not consider gene regulatory mechanisms that are promoter-independent . A
method of endogenous gene expression detection that is reverse transcription- and
amplification-free, is straightforward to execute, is low-cost, and avoids genetic
manipulation could provide an accessible alternative for high-throughput screening of
gene expression perturbations.

We hypothesized that fluorescence anisotropy (FA), a rapid, convenient, and
highly sensitive means of measurement ’¥, could be adapted to detect endogenous gene
transcripts coupled with perturbation screening. FA is commonly used in molecular
interaction studies between a small fluorescently labeled probe molecule and a known
large, macromolecular target. The probe is illuminated by plane-polarized light, which
is then emitted and detected in the parallel and perpendicular planes to the plane of
emission. If the probe is unbound, it freely tumbles in all directions in solution, resulting
in depolarized light being detected (low anisotropy). If the probe is bound to its target,
it tumbles more slowly, resulting in detection of polarized light, with higher intensity
in one plane versus the other (high anisotropy) *!'°. FA is therefore proportional to the
change in molecular mass of the fluorophore complex, which can be accurately
quantified in milli-polarization units (mP) !'. We propose that gene transcripts can be
quantified via FA measurements of fluorescently labeled single-stranded DNA (ssDNA)
probes when bound to their complementary transcripts-of-interest.

To utilize FA in target RNA measurements from a complex mixture of cellular
components and other RNAs, we need to overcome the influence of viscosity. FA is
primarily carried out in vitro, with purified components, as too many soluble
components increase the viscosity of the assay environment. A high enough viscosity
would slow any movement to a point that a difference in tumbling rate of the unbound
probe and bound probe would be undiscernible ®!2. We therefore experimented with
minimal purification steps required to remove cellular impurities to a point where FA-
based detection of target transcripts in cell lysate became possible.

The resulting method, CFAR, avoids reverse transcription and cDNA
amplification, and can detect target RNA in partially purified cell lysate in 2-3 hours
minimum. We demonstrate that CFAR is amenable to duplex detection and can be used
for absolute RNA quantification. High-throughput CFAR screening for endogenous
oncogene MYC expression changes in a colorectal cancer cell line revealed novel
clinical compounds that downregulate MYC more robustly than a gene reporter assay.
The simplicity, cost-effectiveness, and versatility of CFAR could serve as a viable
alternative for gene expression quantification coupled with perturbation screening.
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Results:

Single-stranded DNA probes can detect target transcript changes in total purified
RNA via fluorescence anisotropy.

To develop CFAR, we first validated if FA could be used to detect a fluorescently
labeled ssDNA probe binding its complementary target RNA sequence. We designed a
series of 20 base pair (bp) TAMRA-labeled probe sequences, based on the RNA FISH
Stellaris method '3, targeting 100 bp regions of the SOX2 transcript, as well as a
scrambled negative control probe (Table S1). SOX2 is an important pioneer
transcription factor involved in pluripotency and stem cell reprograming, as well as
oncogenesis in various cancers '*. We also synthesized RNA analogs of the chosen 100
bp SOX2 mRNA regions corresponding to the probes, and generated control analogs
with mutated probe binding sites, while maintaining the overall GC content (Table S2).
A non-targeting probe showed no FA response when incubated with wildtype (WT) or
mutant SOX2 mRNA analog (Fig. S1A). As expected, FA responses were detected in
6 different SOX2 probes when incubated with their respective SOX2 target analogs,
but no response was observed when target sequences were mutated (Fig. S1B-G).
Interestingly, probe sensitivities varied. We verified that probe #2, the probe with the
highest sensitivity, had similar effectiveness even when its fluorophore was switched
to CY5 (Fig. STH). We therefore selected probe #2 for downstream SOX2 experiments.
Our results suggest that FA can be used to detect mRNA transcripts through
complementary ssDNA probes in vitro.

Since mRNA comprises 5% of total cellular RNA !°, and individual target gene
transcripts are only a fraction of that amount, we validated if our FA method could
detect specific target gene transcripts in purified total RNA. To achieve this, we
performed standard total RNA extraction from cells, followed by ssDNA probe
annealing and FA measurements (Fig. S2). Using a similar strategy to SOX2, we
designed multiple probes targeting EGFP, ACTB, and MYC transcripts (Table S1). We
assessed probe robustness and specificity by utilizing purified total RNA from
transgenic cell lines expressing target transcripts, in the case of SOX2, EGFP, and
ACTRB, validated by qPCR (Fig. S3A-C). For MYC, we obtained purified RNA from
cells with MYC shRNA knockdown, validated by qPCR (Fig. S3D). We observed that
for SOX2, EGFP, and ACTB, there was at least one probe that showed the desired trend
of low FA, either with pure probe or total RNA from unmodified or empty vector
control cell lines, and high FA with the respective transgene expression (Fig. S3E-G).
For MYC, we observed an expected decrease in FA in the knockdown condition
compared to pure probe and shRNA scrambled control (Fig. S3H). We selected the best
probe for each gene, which had the lowest background mP in the pure probe condition,
and showed the greatest mP differences between expressed/knockdown and control cell
line total RNA (Fig. S3E-H), for downstream experiments.

We further validated the ability of our selected ssDNA probes to robustly measure
gene expression in total cellular RNA. For EGFP and ACTB, we utilized the
aforementioned control and transgenic expression cell line pairs (Fig. S3B, C). For
SOX2 and MYC however, we utilized an unmodified cell line pair that had reciprocal
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expression of SOX2 and MYC: H69 with high SOX2 and low MYC expression, and
DMS114 with low SOX2 and high MYC expression (Fig. S31, J). We demonstrate that
our probes can detect their expected target transcripts in total cellular RNA, from cell
lines with the corresponding gene expression levels, in a dose-response manner (Fig.
1A-D). We also show that analogous to qPCR, different FA probes can be added to
aliquots from the same total RNA sample to detect relative differences of one transcript
between two cell lines, with another transcript with similar levels in both cell lines used
as control (Fig. 1E-H). Interestingly, our data suggests that FA can robustly detect
differences in individual mRNA levels in a complex mixture of cellular RNA species,
despite these target RNAs comprising a small fraction of the mixture.

CFAR probes can detect target transcript changes in minimally purified cell lysate.

We next focused on how to achieve FA-based transcript measurements in cell
lysate with minimal processing (the CFAR protocol). We hypothesized that a protocol
involving freeze-thaw cycles to lyse cells, followed by heating to denature protein and
solubilize RNA, then centrifugation to remove insoluble cell debris, would sufficiently
clarify cell lysate to perform ssDNA probe annealing and FA measurements to quantify
target RNA (Fig. 2A). Since RNA is unstable, we first examined the effect of
temperature on RNA degradation. Incubating total RNA, purified from cell lysate, at
temperatures higher than 60 °C resulted in significant RNA degradation (Fig. S4A). We
then performed FA measurements for EGFP on total RNA, purified from control and
EGFP expressing cell lines, subjected to different incubation temperatures and
durations. From this, we identified 60°C for 5 minutes as optimal to observe the
maximum FA difference between EGFP low and high samples (Fig. S4B). Our results
suggest that moderate heating will not adversely affect cellular RNA stability.

Additional protocol components we examined were the buffering ionic
composition and pH of the lysis buffer. We utilized commercially purchased siRNA
buffer as the baseline composition for our lysis buffer. Buffer optimization was carried
out utilizing a finalized CFAR protocol based on the aforementioned optimization
procedures (Fig. S5). For pH optimization, we carried out CFAR to detect MYC levels
in DMS114 control and DMS114 MYC knockdown cells, with pH adjusted lysis buffer.
A pH of 6.5 gave the largest, significant mP decrease and was chosen as the optimal
pH (Fig. S6A). Next, we investigated if the lysis buffer salt content affects our readout.
It has been shown that salt ions can affect FA detection '®!7. We performed CFAR to
detect EGFP in HEK293T and HEK293T expressing EGFP cells, utilizing lysis buffer
containing KCI, MgCl,, or both. MgCl, showed the best differential detection of EGFP
(Fig. S6B). We further examined the effect of various lysis buffer concentrations of
MgCl> on CFAR detecting MYC in knockdown cells, with pH set at 6.5. Under these
conditions, MgCl> did not significantly alter the robustness of detection (Fig. S6C).
Therefore, we confirmed 1xsiRNA buffer, pH = 6.5 as the final lysis buffer for CFAR.

With the protocol optimized, with first demonstrated that CFAR can robustly
detect cellular gene expression in the cells we validated by qPCR (Fig. S3A-D, I, J). In
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our ACTB and SOX2 expressing cell lines as well as controls, we demonstrated that
CFAR could recapitulate the expected gene expression levels analogous to qPCR, albeit
with absolute measurements instead of delta Ct fold change calculations (Fig. 2B, C).
We observed similarly robust detection of MYC expression by CFAR in our MYC
knockdown cells (Fig. 2D). In addition, we applied CFAR to a set of cell lines with
varying MYC levels, validated by qPCR (Fig. 2E). CFAR could robustly recapitulate
the expected MYC levels across these different cell lines, utilizing ACTB as control,
analogous to qPCR (Fig. 2F). These results suggest that CFAR can quantify gene
expression in a rapid and cost-effective manner.

CFAR can be performed in duplex.

While we were able to split lysate aliquots to measure two different genes by
CFAR from the same cell line material, we wondered if we could increase the
throughput further. Therefore, we examined if labeling probes with different
fluorophores would allow for detecting different transcripts simultaneously from the
same aliquot. For this, we utilized the cell line pair of H69 and HCT116, which showed
reciprocal expression of SOX2 and MYC by qPCR (Fig. 2G). We then performed CFAR
on these cells utilizing SOX2 and MYC probes that were labeled with CY5 and TAMRA
respectively, and vice versa. Combinations of either CY5-SOX2 with TAMRA-MYC
or TAMRA-SOX2 with CY5-MYC were added to each sample. FA was then measured
with both 530-590 nm (TAMRA) and 620-680 nm (CYY5) filters for each sample.
Expectedly, we observed similar gene expression trends in both combinations of probes
corresponding to the respective fluorescence wavelengths detected, analogous to qPCR
results (Fig. 2H). Our data suggests that CFAR can be used for duplex detection of gene
expression.

CFAR can estimate absolute transcript numbers.

Furthermore, we investigated if CFAR could be used for absolute transcript
quantification. Conventional qPCR has low accuracy when used for precisely
quantifying target transcripts in complex biological samples since it depends on relative
measurements '®. A more accurate alternative is competitive PCR, involving the co-
amplification of a target DNA or cDNA sample with known amounts of a competitor
DNA or ¢cDNA. Competitive PCR therefore permits the estimation of the absolute
number of target molecules using the competitor DNA or cDNA as standard '°. To serve
as a comparison to CFAR, we performed competitor PCR to estimate the amount of
SOX2 transcripts in H69. We designed an RNA competitor, which we mixed in scalar
amounts with fixed amount of cell lysate, synthesized cDNA followed by PCR, then
resolved PCR products by SDS-PAGE to measure SOX2 transcripts in H69 with
DMS114 (SOX2 low) as control (Fig. 3A, B). We then utilized the C/T linear
relationship with competitor amount to determine an estimated 65 SOX2 transcripts per
cell in H69 (Fig. 3C).
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To apply CFAR for SOX2 absolute quantification, we first created a standard curve
by using an FA dose-response curve of SOX2 mRNA analog added to the same amount
of DMS114 (SOX2 low) cell lysate (Fig. 3D). The DMS114 lysate was used to correct
for background FA readings from inherent cell lysate viscosity. The effect of viscosity
was apparent as a noticeable shift in the mP curves when comparing curves of analog
alone to analog with DMS114 cell lysate (Fig. 3D). Mutated SOX2 analogs were used
as negative control. We then measured the mP value of SOX2 probe in three different
cell numbers of H69 (Fig. 3D). Utilizing the standard curve, we estimated the number
of SOX2 transcripts per cell as 50,568 + 28,313.21 by CFAR (Fig. 3E). The transcript
number estimate by competitive PCR is vastly different from CFAR. Based on
published estimates, the average number of different but related transcripts
corresponding to each gene is around 134,135 transcripts 2°. Our CFAR estimates are
therefore closer to the published estimates compared to those of competitive PCR. The
much lower PCR estimation could be explained by the loss of material during RNA
purification steps and mis-estimation of the efficiency of cDNA synthesis. In addition,
reverse transcription and amplification errors have been shown to cause inaccuracies in
amplification-based RNA quantification 2!. Our results suggest that CFAR can
reasonably quantify absolute transcript numbers.

CFAR screening identifies chemical modulators of MYC expression.

We next examined the utility of CFAR in a high-throughput screen for chemical
modulators of the MYC oncogene. MYC is a potent driver of many human cancers and
can regulate multiple biological programs that promote tumorigenesis. The study of
MYC alterations at the RNA level is important for identifying new MYC oncogenic
mechanisms that could be druggable ?>?°. Several studies have shown that BRD4
inhibitor JQI1 suppresses tumorigenesis through the transcriptional downregulation of
MYC **»_ We first verified that JQ1 had a strong inhibitory effect on the cell viability
of MYC-expressing HCT116 colorectal cancer cells (Fig. S7A). JQI1 significantly
lowered MYC protein levels after a 12-hour incubation (Fig. S7B). Next, we validated
that JQ1 could significantly downregulate MY C expression in HCT116 with a 12-hour
treatment via qPCR (Fig. S7C) and CFAR (Fig. S7D) in a dose-dependent manner. We
then developed a protocol to scale CFAR for high-throughput screening (Fig. S8). We
screened a library of 3,139 approved drugs and active pharmaceutical ingredients to
identify compounds that modulated MYC expression, using CFAR (Fig. 4A). We
obtained a total of 20 hits that notably downregulated MYC (Table S3) and 5 hits that
notably upregulated MYC (Table S4). From these hits, we selected 9 downregulating
and 3 upregulating compounds across different pathways for further validation. Out of
the hits, 4 downregulating and 1 upregulating compound were validated by CFAR (Fig.
4B-F) and qPCR (Fig. 4G-K). The other compounds showed inconclusive activity (Fig.
S9A-N). Our results suggest that CFAR is scalable for high-throughput applications.

Since these types of screens are traditionally performed via reporter gene assay 2627,

we developed a MYC reporter assay to examine the differences between this assay and
CFAR. Based on a previous study 2%, we develop an mCherry reporter of the MYC -546
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to -1 promoter region with constitutively active GFP for live-cell number normalization.
A constitutively active mCherry/GFP construct was used as control (Fig. 4L). We
validated the specificity of the reporter assay system in H69 (MYC low), HCT116 (MYC
high), and HEK293T (MYC high) cell lines. The control promoter construct expressed
mCherry and GFP in all three cell lines. However, the MYC promoter construct only
expressed mCherry in the MYC high cells and not in the MYC low cells, with GFP
expressed in all cells, as expected (Fig. 4M). This validated that our MYC reporter assay
was active only in the presence of factors that upregulate MYC.

Next, we tested our selected 9 downregulating and 3 upregulating hits from the
CFAR screen in the MYC promoter assay. Interestingly, the reporter assay was only
able to identify 1 compound, afatinib, as significantly downregulating MY C expression,
in addition to the JQI1 positive control (Fig. 4N). Two compounds, doxorubicin and
hypericin, interfered with gene reporter fluorescence detection 2° and could not be
evaluated (Fig. 4N). This is in striking comparison to our CFAR screening results,
where the 12 compounds showed significant down- and upregulation capabilities in the
primary screen (Fig. 40), in addition to others that we did not validate (Tables S3, S4).
Our results suggest that CFAR is a viable alternative for high-throughput endogenous
gene expression detection without genetic modification. CFAR can detect changes
brought about by multiple regulatory pathways, not limited to promoter regulation. Our
results suggest that CFAR is a viable alternative to the reporter gene assay.

Lastly, we examined the phenotypic effect of MYC modulation by our hit clinical
compounds. We treated HCT116 colorectal cancer cells with each hit compound and
examined MYC protein levels after 12 hours. Interestingly, all 4 MYC upregulating
compounds and the MYC downregulating compound showed dose-dependent
reductions in MY C protein like the JQ1 control (Fig. 5SA). This highlights a discrepancy
for hypericin, which showed significant MYC mRNA downregulation (Fig. 4F, K)
despite the MYC protein decrease. It should be noted that at the highest dose of
hypericin treatment, low MYC protein is accompanied by the absence of the SOD1
loading control, suggesting that the cells are dying (Fig. 5SA). This makes it difficult to
ascertain the correlation between MYC protein and mRNA levels with hypericin
treatment. To determine whether MYC-dependent drug sensitivity extends beyond
HCT116, we utilized a cell line panel with varying MY C protein and mRNA expression
levels (Fig. 5B, C). It should be noted that for THP1 cells, the relative level of MYC
mRNA expression does not correlate well with MYC protein levels (Fig. 5B, C). Cell
viability assays showed that for chlorprothixene, afatinib, and JQI, higher MYC
expression correlated with lower ICso values (Fig. 5D-I). For imatinib, hypericin and
doxorubicin however, there was no clear trend between MYC expression and ICso
values (Fig. SI0A-F). Our data suggests that cells expressing higher levels of MYC are
more sensitive to chlorprothixene and afatinib treatment, similar to JQ1.

To assess MYC-drug relationships across a broader context, we analyzed data from
the DepMap PRISM pharmacogenomic database 2. We examined the effects of our hit
compounds across a range of colorectal adenocarcinoma cell lines. Chlorprothixene
showed a moderate but significant negative trend of MYC expression versus cell
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viability fold change with drug treatment (Fig. 5J). Similar trends were observed for
JQ1 and imatinib, but not for afatinib, hypericin, and doxorubicin (Fig. 5K, L, S10G-
I). This data suggests that similar to JQI, chlorprothixene showed consistently
significant selectivity for MYC-expressing colorectal cancer cells.

Discussion:

In this study, we demonstrate that CFAR can be employed to detect cellular gene
expression in a rapid, straightforward, and high-throughput fashion. We validate that
with our developed protocol, fluorescently labeled single-stranded DNA probes can
accurately detect target transcripts of interest in complex cell lysate (Fig. 1-3). Since
CFAR does not require genetic modification, it can be easily optimized for broad
applicability to a large range of gene targets. In addition, its low cost and requirement
of standard lab equipment increase its accessibility by many research groups. In
addition, CFAR does not have to contend with errors and biases due to cDNA synthesis
and amplification. Our work suggests that CFAR can accurately detect gene expression
changes in a convenient and rapid manner.

CFAR can have an impact on high-throughput studies of endogenous gene
expression. At present, there are methods such as sci-Plex * and DRUG seq * that are
massive multiplex platforms to assess the impact of hundreds of drugs on the
transcriptome. While these methods can generate an abundance of data compared to
CFAR, they require advanced methods that are costly and less accessible. In addition,
they do not avoid errors associated with reverse transcription and amplification in their
library preparation. These methods are therefore more suitable for the study of “few
conditions regulating many genes” under budget and technological constraints.
Conversely, CFAR is more suited to assess “many conditions regulating few genes”
more easily and affordably. In this study, we employ CFAR to identify novel MYC-
modulating clinical compounds (Fig. 4). Downstream validation suggests
chlorprothixene as a novel MYC-targeting compound that could be repurposed for
cancer therapy (Fig. 5). Chlorprothixene is a dopamine D- receptor antagonist (with
additional H: and muscarinic receptor activity) that has been reported to inhibit
leukemia cell proliferation and induce apoptosis/autophagy 3°32. However, its
relationship to MYC regulation has not been defined prior to this study. It would be
interesting to perform further studies to validate the potential of chlorprothixene in
MY C-driven solid tumor treatment.

Overall, the ability of CFAR to robustly detect endogenous gene expression in a
quantitative, high-throughput, and accessible fashion will likely make it a beneficial
alternative methodology for biological and translational discovery.

Limitations:

The lack of amplification restricts the sensitivity of CFAR to being applicable to
only higher abundance transcripts. In addition, FA measurements typically have a lower
dynamic range compared to other methods. Future developments to improve
fluorescent dye intensity, detection instrumentation, and methodology could resolve
these issues.
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Materials and Methods:

Chemicals and Buffers

JQ1 (MCE) was dissolved and diluted using dimethyl sulfoxide (DMSO). Phosphate-
buffered saline (PBS) was prepared using 10 mM phosphate buffer (pH 7.4), 2.7 mM
potassium chloride and 137 mM sodium chloride. Tris-Buffered Saline with Tween
(TBST) buffer (150 mM NaCl, 0.05% (v/v) Tween-20, 50 mM Tris-HCI buffer (pH 7.6)
was prepared by dissolving TBS-TWEEN tablets (Merck KGaA) in ddH20. Blocking
buffer (Semper AB, Sundbyberg, Sweden) was diluted in TBST. Complete (EDTA-
free) protease inhibitor cocktail was from Roche (Switzerland). Isothermal calorimetry
buffer (ITC buffer) (1% DMSO, dUMP 100 uM, 20 mM Hepes pH 7.5 and 150 mM
NaCl) was prepared prior to experiments. CFAR lysis buffer (pH 6.5) was prepared by
dissolving 5x siRNA buffer (Horizon) in ddH>O.

Cell Culture

Human embryonic kidney 293T cells (293T cells, ATCC CRL-3216), HCTI116
(Ubigene) were cultured in Dulbecco’s Modified Eagle Medium (Gibco). DMS114 and
H69 were cultured in RPI 1640 (Gibco). All culture media contains 0.1 g/L. L-glutamine
and 10% fetal bovine serum (FBS, AusGeneX), 100 units/mL penicillin and
streptomycin (Gibco).

gPCR
Cells were harvested by trypsinization followed by washing in phosphate buffered

saline (PBS). Total RNA was extracted from cells using the RNeasy Mini Kit (Qiagen).
cDNA was synthesized from 1pg RNA using the iScript cDNA Synthesis Kit (thermos
scientific). RT-qPCR detection was performed using SYBR Green Fast Mix Perfect CT
(Bimake) with the required primers (see qPCR primer list).

Western blotting

Samples were boiled in 5X SDS-PAGE loading buffer (Beyotime) at 95 °C for 10 min.
The sample can be frozen and stored at -20 °C for later use. Proteins were separated by
Express Plus PAGE Gels (GenScript) and transferred to a Mini-size PVDF membrane
(TransBlot Turbo BIO RAD). Blocking and antibody incubation were performed with
Beyotime Quick Block, according to the manufacturer’s instruction. Antibody
detection was carried out by Clarity Western ECL Substrate (BIO-RAD).

Cell Titer-Glo

Cell lines cultured in complete growth medium were seeded into 96-well plates
containing DMSO or test compounds. The seeding density for each cell line (typically
2000-3000 cells per well) was optimized to allow cell growth in the linear range during
the culture period (5—7 days). After the culture period, cell proliferation was assessed
using Cell Titer-Glo (CTG) Luminescent Cell Viability Assay (Promega) according to
the manufacturer’s instructions. Individual compound tests were calculated with 10-
point CTG assay data (0-10 uM, half-logarithmic dilution).
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IC50 Determination

Dose-response curves were generated from CellTiter-Glo viability assays using 10-
point half-log serial dilutions (0—100 uM). Raw luminescence values were normalized
to DMSO controls for each plate. Nonlinear regression curves (log(inhibitor) vs.
response, variable slope) were plotted in GraphPad Prism to visualize drug response
profiles. ICso values were determined by interpolation: a horizontal line was manually
placed at 50% viability, and the corresponding x-axis value at the intersection with the
fitted curve was taken as the ICso for each condition. This method provides an
interpretable and curve-anchored estimate of ICso without relying on automated
parameter fitting. All assays were performed with biological duplicates and technical
triplicates.

Drug—MYC Correlation Analysis (DepMap correlation assay)

To evaluate the association between compound sensitivity and MY C expression across
cancer lineages, we used publicly available datasets from the Cancer Dependency Map
(DepMap). Drug-response data (log: fold change) were obtained from the PRISM
Repurposing Public dataset, and MYC mRNA expression (log2[ TPM+1]) was retrieved
from the DepMap Expression Public dataset. Analyses were performed either across
pan-cancer cell lines or within tissue-specific subsets (e.g., colorectal adenocarcinoma).
For each compound and cancer lineage, Pearson correlation coefficients were
calculated between MYC transcript abundance and drug log. fold-change values.
Scatter plots and regression lines were generated using DepMap’s built-in visualization
tools, and individual cell lines of interest (e.g., HCT116) were highlighted where
indicated. All downloaded data and correlation statistics correspond to the versions
available on DepMap at the time of analysis.

Competitive PCR

A pair of oligo nucleotide primers for PCR amplification of SOX2 and a pair of internal
primers were designed to allow the construction of a competitor that includes a small
insertion DNA. Total RNA was extracted from H69 and DMS114 cells using a
commercial RNA isolation kit (Qiagen). RNA template was treated with DNase I to
remove the contaminating DNA (Thermo Scientific EN0521). cDNA was synthesized
by using the cDNA synthesis kit following the manufacturer’ s instructions (Thermo
scientific K1622). For PCR, fixed aliquots of sample DNA (1 ug) were mixed with
scalar amounts of competitor corresponding to 0.0005ng, 0.000025 ng and 0.000005
ng of DNA; three additional samples contained DNA alone, competitor alone (at the
lowest concentration, 0.000025 ng) or water. PCR was carried out for 40 cycles. The
PCR cycle conditions consisted of an initial denaturation step at 95 °C for 3 min
followed by 40 cycles of 30 s at 94 °C 30 s and a final elongation at 72 °C for 5 min.
The amplification products were resolved by electrophoresis on a polyacrylamide gel
stained with ethidium bromide.

SOX2 forward primer-TGGACAGTTACGCGCACAT
SOX2 reverse primer-TGGACAGTTACGCGCACAT

1
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SOX2 internal forward-
GTCGACGGATCCCTGCAGGTCGCAGATGCAGCCCATGCAC
SOX2 internal reverse-
GTCGACGGATCCCTGCAGGTCGCAGATGCAGCCCATGCAC

Reporter gene assay

Plasmids encoding MY C-promoter with EGFP and mCherry and CMV promoter with
EGFP and mCherry were purchased from vector builder. HCT116 cells were plated in
10 cm dishes and plasmids (3 pg) were added using Lipofectamine 2000 (Invitrogen)
according to the manufacturer * s instructions. Expression was carried out by
incubating the cells for 24 to 48 hrs at 37 °C under 5% CO2 atmosphere. After
successful transfection, cells were divided into 24 well plates (1 x 10°) per well and
incubated with drugs for 12 hrs. Fluorescence was measured using the Opera Phenix
Plus High Content Screening System (Revvity).

MY C promoter:
CCGGTTTGTCCGGGGAGGAAAGAGTTAACGGTTTTTTTCACAAGGGTCTCT
GCTGACTCCCCCGGCTCGGT

CMYV promoter:
GTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTC
ACGGGGATTTCCAAGTCTCCA

CFAR protocols:

SOX2 probe validation with synthetic mRNA analogs

A series of 20 base pair (bp) TAMRA-labeled SOX2 probe sequences, as well as a
scrambled negative control probe, were designed with the Stellaris Probe Designer to
target corresponding 100 bp regions of the SOX2 transcript. FA probes were added (the
ratio of the probe volume to the total RNA solution was 1:1) to samples, which were
incubated at 50 °C for 7 min to anneal probes to their analogs under varying
concentrations. 10 puL of the test solution was transferred to the detection plate. The
final concentration of the fixed FA probe was 1.0 uM. For each replicate, FA was
measured 4 times by the BioTek Synergy Neo2 microplate reader (Agilent), 530-590
nm (TAMRA) filter, and the average value was plotted.

CFAR probe detection for purified total RNA quantification

HEK293T, HEK293T Tg:EGFP, and HCT116 cells were cultured in Dulbecco’s
Modified Eagle Medium (Gibco). DMS114, DMS114 EV, DMS114 Tg:SOX2, and H69
cells were cultured in RPMI 1640 (Gibco). After washing with PBS, cells were
collected and total RNA was extracted via RNA extraction kit (Qiagen). RNA
concentration and purity were checked by nanodrop (Thermo Fisher Scientific). FA
probes were added (the ratio of the probe volume to the total RNA solution was 1:9).
The samples were incubated at 50 °C for 7 min to anneal probes to their target
transcripts. 10 puL of the test solution was transferred to the detection plate. The final
concentration of the fixed FA probe was 0.1 uM. For each replicate, FA was measured

1
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4 times by the Neo2 microplate reader, 530-590 nm (TAMRA) filter, and the average
value was plotted.

CFAR for cellular gene expression quantification

Human embryonic kidney 293T cells, HCT116 were cultured in Dulbecco’s Modified
Eagle Medium (Gibco). DMS114, H446 and H69 were cultured in RPMI 1640 (Gibco).
Cells were collected and washed twice with PBS. Cells were resuspended in CFAR
lysis buffer and mixed thoroughly. Cells were lysed with repeated freeze-thaw cycles
in liquid nitrogen. After lysis, cells were incubated at 60 °C for 5 min to denature
proteins. Cells were centrifuged at 20,000 g for 20 min and 13.5 pL supernatant was
transferred to a 200 uLL. PCR tube. 1.5 pL of the FA positive probe of the target gene
was added to the supernatant and was incubated at 50 °C for 7 minutes for probe
hybridization. 10 pL of the test solution was transferred to the detection plate. The final
concentration of the fixed FA probe was around 10 nM. For each replicate, FA was
measured 4 times by the Neo2 microplate reader, 530-590 nm (TAMRA) filter, and the
average value was plotted.

CFAR for duplexed detection

HCT116 were cultured in Dulbecco’s Modified Eagle Medium (Gibco). H69 were
cultured in RPMI 1640 (Gibco). Cells were collected and washed twice with PBS. Cells
were resuspended in CFAR lysis buffer and mixed thoroughly. Cells were lysed with
repeated freeze-thaw cycles in liquid nitrogen. After lysis, cells were incubated at 60 °C
for 5 min to denature proteins. Cells were centrifuged at 20,000 g for 20 min and 13.5
uL supernatant was transferred to a 200 uL. PCR tube. 1:1 mixing of CY5-SOX2 with
TAMRA-MYC or TAMRA-SOX2 with CY5-MYC resulted in two different dye-
labeled probe mixes. 1.5 puL of each FA probe mix was added to the supernatant and
incubated at 50 °C for 7 minutes for hybridization. 10uL of the test solution was
transferred to the detection plate. The final concentration of probe was around 5.0 nM.
For each replicate, FA was measured 4 times by the Neo2 microplate reader with both
530-590 nm (TAMRA) and 620-680 nm (CYY5) filters for each replicate, and the
average value plotted.

CFAR for drug screening

HCT116 were cultured in Dulbecco’s Modified Eagle Medium (Gibco). To aliquot the
drug library of 3,139 approved drugs and active pharmaceutical ingredients
(Selleckchem, L.1300) into 384-well plates, the Echo555 non-contact nanoliter acoustic
liquid transfer system (Beckman Coulter) was used. The working concentration of drug
was 1 uM and JQ1 was used at the same concentration as positive control. The BioTek
MultiFlo Dispenser (Agilent) was used to seed 5 x 10* HCT116 cells per well into the
drug plates. Cells were incubated with drugs for 12 hrs at 37 °C. Biomek 17 automated
workstation (Beckman Coulter) was used to wash cells with PBS and resuspend the
cells in CFAR lysis buffer. Freeze-thaw cells in liquid nitrogen to complete cell lysis
and incubated at 60 °C for 5 min to denature proteins. Cell lysate was centrifuged at
3200 g for 1 hr at low temperature. The Biomek 17 automated workstation was used to
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transfer 18 puL of the supernatant to a 384-well plate containing 2 pL of the fluorescent
probe in each well. The solution was incubated at 50 °C for 7 min for probe
hybridization. 15 pL of the test solution was transferred to the detection plate. The final
concentration of the FA probe was 0.5 nM. For each replicate, FA was measured 4
times by the Neo2 microplate reader, 530-590 nm (TAMRA) filter, and the average
value was plotted.
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Fig. 1. CFAR probes detect target mRNA in purified total RNA from cells. (A-D)
FA measurements of EGFP, ACTB, SOX2, or MYC CFAR probes in varying
concentrations of total purified RNA from the respective cell lines in A-D. (E-H) FA
measurements for EGFP, ACTB, SOX2 and MYC transcript levels in total purified RNA
from cell line pairs analogous to qPCR measurements in A-D. Data is presented as
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Fig. 2. CFAR detects cellular gene expression levels. (A) Schematic of CFAR. Cell
lysis is carried out by freeze-thaw and cell lysate is heated to denature protein. The
lysate is centrifuged to remove insoluble cellular components. RNA in the supernatant
is subjected to probe annealing and FA measurements. Created with
BioRender.com/k74s183. (B) CFAR measurements for SOX2 and ACTB transcripts in
WT HEK293T and HEK293T Tg:ACTB cells. (C) CFAR measurements for ACTB and
SOX2 transcripts in DMS114 Empty Vector and DMS114 Tg:SOX2 cells. (D) CFAR
measurements for ACTB and MYC transcripts in HEK293T scrambled shRNA control
and HEK293T MYC shRNA knockdown cells. (E) MYC expression by qPCR in
multiple cell lines normalized to ACTB. (F) MYC expression by CFAR in multiple cell
lines with ACTB as control. (G) JPCR measurements of SOX2 and MYC in the H69 and
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HCT116 cell lines, normalized to /8S rRNA. (H) CFAR duplex measurements of SOX2
and MYC expression in H69 and HCT116 cells with probe mixtures of TAMRA-labeled
MYC probe and CY5-labeled SOX2 probe or TAMRA-labeled SOX2 probe and CY5-
labeled MYC probe. FA for each sample is measured with TAMRA and Cy5 detection
filters separately. Data is presented as mean = SD, n = 3.
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measurements of endogenous SOX2 transcripts in H69 cell lysate (3 different cell numbers)

against standard curves of SOX2 mRNA analog diluted with lysis buffer or cell lysate from 5

x 10° DMS114 cells, with mutant SOX2 mRNA analogs as negative controls. (E) Estimation

10  of the absolute number of SOX2 transcripts per cell in H69 by CFAR. CFAR Data is presented
as mean = SD, n = 2.
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Fig. 4. CFAR enables endogenous gene expression screening. (A) CFAR measurements of
MYC expression for HCT116 drug screen of 3,139 compounds incubated for 12 hrs at 1 pM.
(B-F) CFAR dose-response validation of 5 MYC modulator hits, incubated for 12 hrs with
HCT116 cells, 3 replicates. (G-K) qPCR dose-response validation of 5 MYC modulator hits in
HCT116 cells, incubated for 12 hrs and normalized to 78S rRNA, 3 replicates. (L) Schematic
of a MYC reporter gene assay system and control. Created with BioRender.com/g40y424. (M)
Fluorescence imaging of H69 (low MYC), HCT116 (high MYC), and HEK293T (high MYC)
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cell lines transduced with either control promoter or MYC promoter constructs. (N) MYC

promoter activity measurements of mCherry fluorescence normalized to EGFP fluorescence in

HCT116 treated for 12 hrs with the 12 hit compounds from the primary CFAR screen, 2

replicates. (O) CFAR measurements of the 12 hit compounds from the primary screen. Data is
5  presented as mean + SD.
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Figure 5. CFAR identifies MYC-suppressing clinical compounds. (A) Western blot for
MYC and SODI in HCT116 cells treated with the indicated compounds (0.1, 1, 10 uM
concentrations) for 12 hrs. (B) Western blot for baseline MYC and SOD1 levels in a cell line
panel. (C) RNA-seq data (Human Protein Atlas) for MYC expression in the same cell line panel.

Cell viability curves of the cell line panel treated with (D) chlorprothixene, (E) afatinib, and

(F) JQ1 for 72 hrs, determined by CellTiter-Glo assay. (G, H, I) Corresponding ICso values for
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(D, E, F). Correlation between MYC expression and (J) chlorprothixene, (K) afatinib, and (L)
JQ1 response (log: fold change) in DepMap PRISM colorectal adenocarcinoma cell lines. Data
is presented as mean + SD, n = 3.
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