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Cytotoxic molecules can kill cancer cells by disrupting critical
cellular processes or by inducing novel activities. 6-(4-(Diethyl-
amino)-3-nitrophenyl)-5-methyl-4,5-dihydropyridazin-3(2H)-
one (DNMDP) is a small molecule that kills cancer cells by gen-
eration of novel activity. DNMDP induces complex formation
between phosphodiesterase 3A (PDE3A) and schlafen family
member 12 (SLFN12) and specifically kills cancer cells express-
ing elevated levels of these two proteins. Here, we examined the
characteristics and covariates of the cancer cell response to
DNMDP. On average, the sensitivity of human cancer cell lines
to DNMDP is correlated with PDE3A expression levels. How-
ever, DNMDP could also bind the related protein, PDE3B, and
PDE3B supported DNMDP sensitivity in the absence of PDE3A
expression. Although inhibition of PDE3A catalytic activity did
not account for DNMDP sensitivity, we found that expression of
the catalytic domain of PDE3A in cancer cells lacking PDE3A is
sufficient to confer sensitivity to DNMDP, and substitutions in
the PDE3A active site abolish compound binding. Moreover, a
genome-wide CRISPR screen identified the aryl hydrocarbon
receptor—interacting protein (AIP), a co-chaperone protein, as
required for response to DNMDP. We determined that AIP is
also required for PDE3A-SLFN12 complex formation. Our
results provide mechanistic insights into how DNMDP induces
PDE3A-SLEN12 complex formation, thereby killing cancer cells
with high levels of PDE3A and SLFN12 expression.

Despite advances in targeted therapies and immunothera-
pies, cancer remains a leading cause of human mortality (1),
indicating a need for new therapeutic modalities. We recently
discovered a compound, 6-(4-(diethylamino)-3-nitrophenyl)-
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5-methyl-4,5-dihydropyridazin-3(2H)-one (DNMDP),”> that
selectively kills cancer cells using a unique mechanism of action
2).

DNMDP is active against a subset of cancer cell lines across
cell lineages, with nanomolar potency and no obvious toxicity
in a panel of nontumorigenic cell lines. Elevated expression of
phosphodiesterase 3A (PDE3A) is the strongest genomic corre-
late of DNMDP sensitivity (2). DNMDP binds PDE3A and
inhibits its enzymatic activity; however, enzyme inhibition
alone is not sufficient for cell death. Most PDE3A inhibitors
instead prevent cell killing by DNMDP when introduced in
combination, possibly by competing away the binding of
DNMDP to PDE3A (2). PDE3A knockout, moreover, abrogates
the sensitivity of HelLa cells to DNMDP (2). Taken together,
these findings suggest that DNMDP has a gain-of-function or
neomorphic effect on PDE3A (2).

Consistent with the hypothesized gain or change of function,
DNMDP induces formation of a novel complex between
PDE3A and the poorly characterized protein, schlafen family
member 12 (SLEN12) (2). Similar to PDE3A, elevated expres-
sion of SLFNI12 correlates with, and is required for, DNMDP
sensitivity (2). These observations suggest that DNMDP
induces cancer cell death through a mechanism that is funda-
mentally different from the cancer cell dependencies exploited
by typical targeted therapies. The cyclic nucleotide phosphodi-
esterase, PDE3A, is well-characterized with regard to its ability
to hydrolyze the phosphodiester bonds of cAMP and cGMP to
regulate and limit cellular responses to G protein—coupled
receptor activation (3). More recently, evidence has also arisen
for a role in hydrolysis of cUMP (4). Conversely, very little is
known regarding SLEN12 function, although it may play a role
in cell proliferation or differentiation (5-8). The molecular
determinants of DNMDP response have not yet been explored.

2 The abbreviations used are: DNMDP, 6-(4-(diethylamino)-3-nitrophenyl)-5-
methyl-4,5-dihydropyridazin-3(2H)-one; PPV, positive predictive value;
RPKM, reads per kilobase million; AUC, area under the dose-response
curve; sgRNA, single guide RNA; BisTris, bis(2-hydroxyethyl)iminotris(hy-
droxymethyl)methane; GAPDH, glyceraldehyde-3-phosphate dehydroge-
nase; KO, knockout; DMEM, Dulbecco’s modified Eagle’s medium; EMEM,
Eagle’s minimal essential medium; IMDM, Iscove’s modified Dulbecco’s
medium.
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Determinants of cancer cell response to PDE3A modulators

Here, we define the determinants of cancer cell response to
DNMDP. We characterize partial sensitivity at the single-cell
level, investigate whether PDE3B can functionally substitute for
PDE3A, and define the domains of PDE3A required for sensi-
tivity. We furthermore use genome-wide CRISPR screening to
identify additional genes required for DNMDP sensitivity.
Results from these experiments indicate a central role for
PDE3A protein expression levels in predicting the degree of
DNMDP response and uncover AIP as a critical player in
DNMDP-induced cancer cell killing.

Results

PDE3A- and SLFN12-expressing cell lines exhibit a gradient of
sensitivity to DNMDP

We have shown that PDE3A and SLENI12 expression levels
together serve as a predictive biomarker for DNMDDP sensitivity
(2). Our previous analysis of sensitivity data from 766 cancer
cell lines defined the positive predictive value (PPV) of this
combined biomarker to be about 50%, with “sensitive” defined
by an AUC equivalent to 1.6 on a scale of 0—4 (2). In other
words, among biomarker-positive cell lines, about half are sen-
sitive to DNMDP. We took two measures to further optimize
PDE3A and SLFN12 expression as a predictive biomarker. First,
we quantified gene expression using newly available RNA-Seq
data from the Cancer Cell Line Encyclopedia (9), which pro-
vided greater resolution in the low expression range. Second,
we more rigorously defined the optimal biomarker thresholds
by maximizing the geometric mean of the sensitivity and the
PPV over all possible biomarker thresholds (Fig. S14). We
found that the optimal expression thresholds for PDE3A and
SLFN12 in this cell line panel were 2.65 and 1.47 log,(RPKM +
1), or 5.28 and 1.77 RPKM, respectively, resulting in a PPV of
62.5% and a sensitivity of 71.4% (Fig. S1B).

This PPV is comparable with the originally reported 50%
objective response rate of HER2-positive metastatic breast can-
cer patients to the clinically approved targeted therapy, trastu-
zumab, in combination with chemotherapy (10). However, we
sought to better understand the less-than-perfect prediction
based on PDE3A and SLFN12 expression, which may be due to
error in the high-throughput measurement of DNMDP
response, or it may truly reflect the insufficient prediction
power of these two expression markers alone, indicating the
influence of additional factors. To distinguish between these
two possibilities, we systematically assessed DNMDP response
in 23 cell lines with PDE3A expression >5.28 RPKM and
SLEN12 expression >1.77 RPKM with 18-point dose resolu-
tion, ranging from 0.26 nMm to 3 uM (Table 1). We found good
concordance between these results and AUCs from the pub-
lished high-throughput data (2) (Fig. S1C). However, there was
no correlation between AUC values and the expression levels of
other phosphodiesterase family members or basal cAMP levels
in these cell lines (Data set S1).

These experiments revealed that sensitivity is not binary (Fig.
1A); rather, dose-response curves showed a continuous gradi-
ent of inhibition response across the retested lines. Based on
maximum viability values, the tested cell lines could be split
into strongly sensitive cell lines (13 cell lines with <25% maxi-
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mum viability), partially sensitive lines (8 cell lines with 25-75%
maximum viability), and insensitive cell lines (2 cell lines with
100% maximal viability). Individual cell fate analysis revealed a
mix of single-cell responses underlying this gradient of cellular
response (Fig. 1B). For example, in the highly sensitive glioblas-
toma cell line, GB1, most individual cells underwent apoptosis
within 72 h, and the remaining surviving cells apoptosed by
about 96 h (Fig. S2). In the partially sensitive cell line, TE4,
many cells underwent apoptosis by about 96 h, but several cells
survived beyond 96 h, exhibiting a cytostatic phenotype (Fig.
S2). In the more resistant cell line, NCI-H2172, many cells sur-
vived and continued to proliferate until the end of the experi-
ment (Fig. S2). Washout experiments furthermore revealed
that, whereas the most sensitive cell lines underwent full apo-
ptosis even after compound removal at 72 h, many partially
sensitive cells recovered and continued to proliferate (Fig. 1C).

Two cell lines, HCC15 and UACC257, expressing high levels
of PDE3A and SLFNI12 mRNA, were curiously completely
insensitive to DNMDP (Table 1 and Fig. 14). We examined the
expression of PDE3A in these two cell lines and found that the
HCC15 cells expressed very little PDE3A mRNA and no detect-
able PDE3A protein despite high PDE3A RPKM values in the
Cancer Cell Line Encyclopedia data set (9) (Fig. 24). Ectopic
expression of PDE3A in the HCC15 cells conferred response to
DNMDP, confirming that the lack of DNMDP response was
due to a lack of PDE3A expression (Fig. 2B). The UACC257 cells
did express PDE3A protein (Fig. 24), indicating that there must be
another explanation for their lack of response (see Fig. 9).

One additional cell line, CAL51, was similarly initially classi-
fied as biomarker-positive, based on mRNA expression, but was
only slightly sensitive to DNMDDP, with 75% viability at the bot-
tom of the dose-response curve (Table 1 and Fig. 14). Upon
examination of genomic sequencing data from the Cancer Cell
Line Encyclopedia (9), we found that the CAL51 cells harbor a
heterozygous 1-bp deletion in SLEN12, shifting the reading
frame after amino acid Phe-185 and causing an early translation
stop at amino acid 196 (Fig. 3, A and B). We confirmed this
finding by PCR-amplifying the relevant region from genomic
DNA and Sanger sequencing the PCR products (Fig. 3, A and C).

For the remaining biomarker-positive cells, the level of
PDE3A protein expression (Fig. 44) correlated with RNA
expression (Fig. 4B) and DNMDP sensitivity, as demonstrated
by the inverse correlation with DNMDP AUC (Fig. 4C). There
is no antibody available that recognizes endogenous SLFN12
protein, so it was not possible to perform a similar analysis for
SLEN12. However, no continuous correlation was observed
between DNMDP AUC and SLENI2 mRNA expression (data
not shown).

PDE3B can also mediate DNMDP sensitivity

Two cancer cell lines, T-cell lymphoma HUT78 and mela-
noma cell line RVH421, were found to be sensitive to DNMDP
in the absence of PDE3A expression (Table 1). We hypothe-
sized that PDE3B, which is homologous to PDE3A in the cata-
lytic domain, might substitute for PDE3A in these cells to sup-
port DNMDP cancer cell killing. Consistent with this idea, the
cytotoxic response of HUT78 and RVH421 cells to DNMDP
was competed away by trequinsin, suggesting a PDE3-mediated
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Table 1
Biomarker expression and DNMDP response data
Biomarker log,(PDE3A  log,(SLFN12 log,(PDE3B Auct’ AUC2’ % Maximal

Cell line Lineage positive RPKM+1) RPKM+1) RPKM+1) viability
Hela CERVICAL yes 5.65 2.85 1.68 0.36 0.79 1
IGR37 SKIN yes 5.29 2.50 1.18 1.16 1.17 2
COLO741 SKIN yes 4.30 2.41 1.20 2.29 1.19 4
NCIH1563 LUNG yes 4.31 1.84 0.88 1.98 1.34 2
NCIH2122 LUNG yes 4.06 1.62 2.15 1.91 1.56 11
SKMEL3 SKIN yes 2.69 2.96 1.28 1.37 1.74 13
JHUEM1 ENDOMETRIUM yes 3.69 2.39 0.03 1.03 1.62
HEL92.1.7 HEMATOPOIETIC yes 4.17 2.51 0.79 1.42 1.64 6
GB1 CNS yes 2.90 3.49 0.01 2.07 1.81 19
HMCB SKIN yes 3.82 2.09 1.72 1.78 1.85 12
JHOM1 OVARY yes 4.29 3.38 1.13 2.38 1.94 18
HEL HEMATOPOIETIC yes 3.74 1.85 0.46 2.13 2,11 19
A2058 SKIN yes 4.64 2.02 1.32 2.03 2.11 1S
L3.3 PANCREAS yes 4.25 2.04 2.47 2.84 2.82 37
NCIH1734 LUNG yes 2.72 2.65 2.37 241 2.63 44
TE4 ESOPHAGUS yes 3.09 2.58 1.32 3.86 2.56 34
DKMG CNS yes 3.43 1.95 0.04 1.83 2.71 41
HS578T BREAST yes 2.78 2.22 0.00 2.52 291 42
C32 SKIN yes 2.97 3.37 1.32 3.69 3.13 61
NCIH2172 LUNG yes 3.35 2.33 0.03 3.45 3.17 56
CAL51 BREAST yes 4.74 2.88 0.55 3.22 3.50 75
UACC257 SKIN yes 4.90 2.39 1.95 3.86 4.00 103
HEEI5! LUNG yes 4.12 2.90 0.35 3.96 3.71 100
HUT78 HEMATOPOIETIC no 0.08 5.48 3.84 2.02 1.85 7
RVH421 SKIN no 0.16 216 2.66 2335 3.02 45

RNA-Seq expression values are from the Cancer Cell Line Encyclopedia (9). Maximal viability is defined as the bottom of the dose—response curve. Red, biomarker-positive
but DNMDP-insensitive cell lines. Green, biomarker-negative but DNMDP-sensitive cell lines. CNS, central nervous system.

! AUC1, DNMDP sensitivity data from high-throughput assay, normalized to an AUC scale of 04 (2). Originally reported DNMDP AUC values were normalized on a scale
of 0-4 by capping values at 7 and multiplying by %%, to facilitate direct comparison with validation AUC values.

2 AUC2, manual validation DNMDP sensitivity data.

mechanism of response (Fig. 54). RNA-Seq data indicated that
these two cell lines express PDE3B mRNA (Table 1), and immu-
noblotting analysis confirmed that both express high levels of
PDE3B but not PDE3A protein (Fig. 5B), suggesting that
PDE3B could be the target for DNMDP in HUT78 and
RVH421 cells.

To functionally investigate the role of PDE3B in the response
to DNMDP, we knocked out PDE3B in RVH421 cells. Knockout
of PDE3B in RVH421 cells abolished DNMDP sensitivity, con-
firming that PDE3B is necessary for sensitivity in these cells
(Fig. 5C). We then asked whether PDE3B can complement
PDE3A function and restore sensitivity in PDE3A knockout cell
lines. Ectopic expression of the PDE3B ¢cDNA fully restored
DNMDP sensitivity to the PDE3A-knockout melanoma cell
line, A2058, and the PDE3A-knockout cervical cancer cell line,
HeLa (Fig. 5D and Fig. S3A). Taken together, these results indi-
cate that PDE3B can function in place of PDE3A to mediate
DNMDP response. However, inclusion of PDE3B expression
level in the optimized biomarker of DNMDP response
improved biomarker sensitivity but not PPV (Fig. S3, B and C)

SASBMB

when compared with PDE3A alone with SLFN12 (Fig. S1B).
This indicates that there are cancer cell lines that express high
levels of PDE3B and SLFNI12 but do not respond to DNMDP
(Fig. S3C). Nonetheless, the ability of PDE3B to replace PDE3A
in DNMDP response suggests that the catalytic domain, which
is highly conserved between the two family members, may be
the determinant for DNMDP sensitivity.

The PDE3A catalytic domain is sufficient to confer DNMDP
sensitivity

The full-length PDE3A protein consists of two membrane
association regions at the N terminus followed by a catalytic
domain that is conserved across phosphodiesterases (11-13).
Interestingly, PDE3A undergoes alternative translation and
exists as a set of protein isoforms that represent different N-ter-
minal truncations. These naturally occurring truncations affect
one or both of the membrane-associated regions and multi-
ple kinase phosphorylation sites (12, 14, 15), resulting in
different subcellular localizations and modes of regulation
(14-19).

J. Biol. Chem. (2020) 295(11) 3431-3446 3433
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Figure 2. The insensitive cell line HCC15 does not express PDE3A protein. A (left), PDE3A protein expression was analyzed by immunoblotting in cancer cell
lines. Right, PDE3A or GAPDH mRNA expression was analyzed by quantitative PCR. mRNA expression displayed as log,(relative gene expression) values. B,
ectopic expression of PDE3A confers DNMDP sensitivity in the HCC15 cells, assayed by a 72-h CellTiter-Glo assay. Ectopic PDE3A expression was confirmed by

immunoblotting. NT, no transduction.

We generated a series of V5-tagged, N-terminally trun-
cated cDNA expression constructs representing two of the
shorter PDE3A isoforms as well as truncations that more
closely isolate the catalytic domain (Fig. 6A4). The ability of
the PDE3A deletion constructs to restore DNMDDP sensitiv-
ity of PDE3A-knockout A2058 cells was tested. All trunca-
tion constructs fully restored DNMDP sensitivity in these
cells, including the shortest construct, comprised of amino
acids 668 —1106 (Fig. 6B). This suggests that the isolated cat-
alytic domain of PDE3A is sufficient to mediate DNMDP
sensitivity.

Because the cytotoxic effects of DNMDP can be competed
away by trequinsin, a potent PDE3A/PDE3B inhibitor that does
not have cancer cell killing activity (2), and because the catalytic
domain is the only region of PDE3A required for the activity of
DNMDP, we hypothesized that DNMDDP binds to the active site
of PDE3A, within the catalytic domain. To test this hypothesis,
we generated PDE3A active-site mutants H840A, D950A, and

F1004A, which are impaired for substrate binding, and
H752A, affecting Mg>* coordination, homologous to resi-
dues reported for PDE3B (20). We found that all four
mutants exhibited impaired binding of and response to
DNMDP (Fig. 7, A-C). In contrast, three point mutations,
Y807A, Y814F, and C816A, in the 44-amino acid catalytic
domain insert unique to the PDE3 family (21) had no effect
on the ability of PDE3A to bind DNMDP and support cancer
cell killing (Fig. 7, A-C). Consistent with the survival assay
results, a nonmutated C-terminal construct of PDE3A
encoding primarily the catalytic domain retained the ability
to bind DNMDP (Fig. 7C).

Taken together, these data indicate that the catalytic domain
of PDE3A is necessary and sufficient for mediating DNMDP
sensitivity, and the active site of the PDE3A catalytic domain is
required for DNMDP binding, although inhibition of enzy-
matic activity is likely not the mechanism of cancer cell killing
by DNMDP (2).

Figure 1. Cancer cell lines exhibit a range of sensitivities to DNMDP. A, gradient of DNMDP sensitivity among biomarker-positive cancer cell linesina 72-h
CellTiter-Glo assay. B, single-cell analysis of cell fates upon DNMDP treatment of cancer cell lines with a range of DNMDP sensitivities. Cells were treated
continuously with 2 um DNMDP, stained with an activated caspase substrate-conjugated dye, and imaged by Incucyte live-cell analysis. Cells were tracked
starting at 24 h. Limited Division, cells divided at most twice between 24 h and the end of the observation period. C, cell fate tracking after 72-h treatment with
2 um DNMDP, followed by a washout with control medium. Cells were tracked starting at 72 h. No HeLa cells survived beyond 72 h.

J. Biol. Chem. (2020) 295(11) 3431-3446 3435
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PCR #2
Forward

GTGTTGATATACAAGAAGAAAATAACATGAAGGCCTTGGCCGGGGTTTTTTTTGATAGAACAGAACTTGATCGGAAAGAAAAATTGACCTTTACTGAATC

PCR #1
Reverse

GB1

I l \

PCR #2
Forward

GTGTTGATATACAAGAAGAAAATAACATGAAGGCCTTGGCCGGGGTTTTTTTTGATAGAACAGAACTTGATCGGAAAGAAAAATTGACCTTTACTGAATC

Figure 3. The CAL51 breast cancer cell line harbors a heterozygous SLFN12 Phe-185 frameshift mutation. A, SLFN12 gene diagram showing the position
of the F185fs mutation. The locations of the primers, located within a single exon, used for genomic DNA PCR and sequencing are indicated below. B,
heterozygous 1-bp deletion, as reported by CCLE (8). C, sequence alignment of PCR products to the reference sequence. Note that clean sequence peaks align
perfectly to reference sequence before the stretch of Ts (marked by an asterisk), and overlapping peaks appear after the stretch of Ts. GB1 glioma cells, used as
a WT control, showed perfect alignment across the entire region. fs, frameshift; WES, whole-exome sequencing; WGS, whole-genome sequencing; alt, alternate

allele; ref, reference allele.

A genome-wide CRISPR knockout screen for resistance to
DNMDP uncovers AIP

Toidentify additional genes required for DNMDDP cancer cell
killing, we performed a genome-wide CRISPR loss-of-function
screen in HeLa cells treated with DNMDP or DMSO. We iden-
tified sgRNAs that were consistently enriched under DNMDP
treatment, compared with DMSO treatment, suggesting cell
survival in the presence of DNMDP. The sgRNAs best support-
ing survival in the presence of DNMDP were those targeting the
aryl hydrocarbon receptor—interacting protein (AIP) (Fig. 84
and Data set S2). As expected, SLFNI2 and PDE3A knockout

3436 J. Biol. Chem. (2020) 295(11) 3431-3446

also strongly supported HeLa cell survival in the presence of
DNMDP, ranking second and third behind AIP, respectively.
Knockout of the histone acetyltransferase complex protein,
transformation/transcription =~ domain—associated  protein
(TRRAP), exhibited a significant but much weaker resistance
phenotype (Fig. 84 and Data set S2).

AIP is an HSP90 co-chaperone that is known to interact with
several other proteins, regulating protein stability and subcel-
lular localization (22). Interestingly, AIP is also a tumor sup-
pressor gene in familial isolated pituitary adenoma (23). We
confirmed that AIP knockout eliminates HeLa cell response to

SASBMB
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Figure 4.A,immunoblot measuring PDE3A protein expression across biomarker-positive cell lines. B, correlation between PDE3A RNA expression, as measured
by CCLE RNA-Seq, and PDE3A protein expression, as measured by LI-COR quantification of the immunoblot in A. The 95% confidence interval of the best-fit line
is indicated. C, correlation between PDE3A protein expression and DNMDP response (AUC2 from Table S1). The 95% confidence interval of the best-fit line is
indicated. RFU, relative fluorescence units.

DNMDP by validating with independent sgRNAs (Fig. 8B).
Similar results were observed upon knockout of AIP from the
melanoma cell line A2058 (Fig. 8B).

To determine whether AIP knockout impacts DNMDP
response upstream or downstream of PDE3A-SLFN12 complex
formation, we tested the effects of AIP knockout directly on

complex formation.

We ectopically expressed V5-tagged

SLFN1I2 in parental or AIP-knockout HeLa cells, immunopre-

cipitated endogenous

PDE3A, and assessed whether we could

detect V5-SLEN12 in the PDE3A immunoprecipitates. AIP
knockout completely abolished PDE3A-SLFN12 complex for-

mation in response to

DNMDP (Fig. 8C), confirming that AIP

functions upstream of DNMDP-induced complex formation.
Among the biomarker-positive cell lines, the melanoma cell

line, UACC257, was

conspicuously insensitive to DNMDP

(Table 1). When we examined AIP expression across 973 cancer

cell lines (9), we found

that UACC257 was the only cell line that

did not express AIP (Fig. 9A). Ectopic expression of AIP sensi-
tized the UACC257 cells to DNMDP (Fig. 9B), indicating that
loss of AIP was a major determinant of resistance of these cells.
Interestingly, ectopic expression of PDE3A also increased sen-
sitivity of the UACC257 cells to DNMDP (Fig. 9B), suggesting

that loss of AIP can

be compensated for by an increase in

PDE3A levels. Taken together, our results demonstrate an
essential role for DNMDP-induced and AIP-facilitated
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PDE3A-SLEN12 complex formation in cancer cell death in
response to treatment of cancer cells with DNMDP (Fig. 9C).

Discussion

Predictive biomarkers have become an essential component
of cancer treatment, enabling identification of the patients
most likely to respond to a given therapy. We have identified a
new method of cancer cell killing involving complex formation
between PDE3A and SLFN12. Because sensitive tumor cells are
found across cancer lineages, predictive biomarkers will play an
especially important role in patient identification if DNMDP-
like molecules that induce PDE3A-SLFN12 complex formation
are evaluated in the clinic.

We previously showed that DNMDP response depends upon
expression of PDE3A and SLFN12 (2). Optimization of the
mRNA expression thresholds for these two proteins resulted in
aPPV of 62.5% (Fig. S1), with expression level of PDE3A protein
being a major determinant in degree of response (Fig. 4). It is
likely that establishment of a protein-based biomarker assay
would further improve PPV, as mRNA expression may not pre-
cisely reflect protein levels. For example, we used genomic
techniques to uncover a frameshift mutation of one SLFNI12
allele in the CAL51 cell line that is likely to result in decreased
overall expression of SLEN12 protein, explaining the cryptic
resistance in this seemingly biomarker-positive cell line (Fig. 3).
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Figure 5. PDE3B can mediate DNMDP sensitivity. A, DNMDP sensitivity of HUT78 and RVH421, which lack PDE3A mRNA expression, can be competed away
by co-treatment with 100 nm trequinsin (Treq) in a 72-h CellTiter-Glo assay. B, immunoblotting reveals that HUT78 and RVH421 do not express any PDE3A
protein but do express high levels of PDE3B protein. C (left), CRISPR knockout of PDE3B in the partially sensitive cell line, RVH421, abolished DNMDP sensitivity
in a 72-h CellTiter-Glo assay. Right, immunoblot analysis showing loss of PDE3B protein expression in knockout cells made with two PDE3B-specific CRISPR
guide RNAs, sg2 and sg5. D (left), ectopic expression of PDE3B in PDE3A knockout A2058 cells restores sensitivity to DNMDP in a 72-h CellTiter-Glo assay. Right,
immunoblot analysis showing loss of PDE3A protein and ectopic expression of PDE3B protein in the PDE3A knockout A2058 cells. Vinculin or GAPDH was used
a loading control.

However, a protein-based biomarker assay awaits development  5), and PDE3B expression was essential for response of two
of a suitable antibody for SLEN12. biomarker-negative but DNMDP-sensitive cell lines, inclusion

Other factors could also contribute to a biomarker with of PDE3B did not improve biomarker PPV (Fig. S3). We iden-
increased PPV. Although PDE3B was found to support tified another gene, AIP, more broadly required for DNMDP
DNMDP sensitivity in the absence of PDE3A expression (Fig. sensitivity (Fig. 8). AIP acts upstream of DNMDP-induced
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PDE3A-SLEN12 complex formation. A second biomarker-pos-
itive but DNMDP-insensitive cell line, UACC257, was found to
express no AIP, and ectopic expression of AIP conferred sensi-
tivity (Fig. 9). Thus, although it appears to be only rarely
deleted, AIP expression could be considered as a component of
a further improved biomarker.

We found that the catalytic domain of PDE3A was sufficient
for complex formation and DNMDP sensitivity and that muta-
tions in the active site of PDE3A abolish DNMDP response
(Figs. 6 and 7). However, although DNMDP is a PDE3A inhib-
itor, inhibition of phosphodiesterase activity does not correlate
with complex formation or cancer cell killing (2). It is possible
that some early and more recent reports of PDE3A dependence
in cancer cells may in fact also involve PDE3A-SLFN12 com-
plex formation (24 -28), as zardaverine and anagrelide pheno-
copy DNMDP (2, 29). Others have subsequently also observed
sensitivity of cancer cells to DNMDP (30) and induction of
PDE3A-SLFEN12 complex formation (31).

Unlike traditional targeted inhibitors that leverage depen-
dencies in cancer cells created by genomic alterations, DNMDP
instead initiates induced cell death in cancer cells expressing
elevated levels of PDE3A and SLFN12 by a likely gain-of-func-
tion or change-of-function mechanism. DNMDP initiates these
processes by binding to PDE3A and inducing PDE3A-SLFN12
complex formation. Here, we defined the factors that influence
PDE3A-SLEN12 complex formation and response to DNMDP;
however, elucidation of the downstream mechanism of action
of DNMDP requires further study. Despite this open question,
DNMDP-like molecules may represent a new therapeutic
opportunity for cancer patients with tumors expressing ele-
vated levels of PDE3A and SLEN12.

Experimental procedures
Cell culture and viability assays

To measure cancer cell death in response to DNMDP treat-
ment, cells were plated in 384w assay plates at the following cell
density per well: 500 cells of HeLa (DMEM), A2058 (DMEM),
HMCB (EMEM), IGR37 (DMEM), and NCIH1734 (RPMI); 750
cells of CAL51 (DMEM), COLO741 (RPMI), DKMG (RPMI),
GB1 (EMEM), HEL (RPMI), HEL9217 (RPMI), JHUEM1
(DMEM + F-12), L3.3 (RPMI), TE4 (RPMI), HCC15 (RPMI),
and UACC257 (RPMI); 1000 cells for HUT78 (IMDM),
NCIH1563 (RPMI), NCIH2122 (RPMI), NCIH2172 (RPMI),
RVH421 (RPMI), and SKMEL3 (McCoy’s 5A); and 1500 cells
for C32 (EMEM), HS578T (DMEM), and JHOM1 (DMEM +
F-12). Cells were incubated at 37 °C overnight and then treated
with a DNMDP dose dilution series using an HP D300 digital
dispenser. For experiments involving trequinsin competition,
100 nM trequinsin was also added to each well at the same time
as DNMDP addition. After 72 h, the viability of cells in each well
was measured by Cell Titer Glo (Promega, G755B and G756B).
Percent viability values were determined using the values from

untreated wells, and AUC values were calculated using a 4-pa-
rameter fit. x axis values are reported in log, , M. IC, and max-
imal killing values for all dose-response curves are listed in
Table S2. DNMDP was purchased from Life Chemicals (F1638-
0042), and trequinsin was purchased from Sigma-Aldrich
(T2057).

Single-cell fate mapping

1400 cells/well were seeded in a 96 well plate in medium that
had been centrifuged at 500 X g for 5 min to remove particu-
lates. The next day, the red fluorescent DNA-staining dye,
Incucyte Nuclite Rapid Red, and green fluorescent apoptosis
dye, Incucyte Caspase-3/7 Green Apoptosis Reagent (Essen
Biosciences), were added in 2 ul of fetal bovine serum to a final
concentration of 1:1000 and 1:1500, respectively. Two hours
later, 2 um DNMDP + 0.2% DMSO or 0.2% DMSO alone was
added. Because even sensitive cells sometimes divided before
24 h, cells were tracked starting at 24 h, although cells that
apoptosed before 24 h were also counted. For the washout
study, the medium was removed from DNMDP-treated cells at
72 h, the cells were rinsed with medium, and incubation was
continued in the absence of DNMDP. Cells were tracked start-
ingat72 h. Images were taken every 1 hup to 96 h, and every 2 h
thereafter, with an Incucyte S3 machine (Essen Biosciences).
Three channels were recorded: phase contrast, red fluores-
cence (DNA), and green fluorescence (apoptosis). For cell
tracking, a movie superimposing all three channels was ana-
lyzed. To avoid effects due to depletion of medium components
over time, cells were followed up to the last hour before DMSO
control cells started to show slowed division or increased apo-
ptosis (136 h for HeLa, 194 h for SKMEL3, 160 h for GB1, 130 h
for TE4, 130 h for A2058, 144 h for DKMG, 106 h for HS578T,
186 h for H2172, and 220 h for C32).

Cell lysis and immunoblotting

Cells were plated in 10-cm Petri dishes and collected at
50-90% confluence. For PDE3A immunoblotting in bio-
marker-positive cells and in AIP KO cells, cells were seeded in
15-cm plates at a similar density as in viability assays with a
vessel scaling factor of 5000 (e.g. 500 cells/well was scaled to 10°
cells/10-cm plate or 2.5 X 10° cells/15-cm plate) and then cul-
tured for 72 h before collection. Cell pellets were lysed at 4 °C
for 20 min in modified radioimmune precipitation assay buffer
(150 mm NaCl, 10% glycerol, 50 mm Tris-Cl, pH 8.0, 50 mm
MgCl,, 1% Nonidet P-40) supplemented with EDTA-free pro-
tease inhibitors (Sigma-Aldrich, 4693159001) and PhosSTOP
phosphatase inhibitors (Sigma-Aldrich, 4906837001). Lysates
were clarified by centrifugation at 13,000 rpm for 10 min at4 °C
and quantified using BCA protein assays (Thermo Fisher
Scientific, 23225). Clarified lysates were resolved on 4—12%
BisTris polyacrylamide gels, transferred to nitrocellulose
membranes (Thermo Fisher Scientific, IB23001), and immu-

Figure 7. PDE3A active site mutants impair DNMDP sensitivity. A, A2058 cells. Top, 72-h CellTiter-Glo assay. Bottom, anti-PDE3A immunoblot analysis
confirming construct expression. B, Hela cells. Top, 72-h CellTiter-Glo assay. Bottom, anti-PDE3A immunoblot analysis confirming construct expression. C (left),
active-site mutations (purple), but not 44-amino acid catalytic domain insert mutations (blue), abolish binding of PDE3A in 200 p.g of cell lysate from transduced
A2058 cells to resin-linked DNMDP. Right, the isolated V5-tagged PDE3A catalytic domain fragment (amino acids 668-1141) in 200 ug of cell lysate from
transduced A2058 cells binds resin-linked DNMDP. Treq or T, trequinsin; i, input; p, pellet.
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noblotted with primary antibodies against PDE3A (Bethyl,
A302-740A; 1:2000), PDE3B (Bethyl, A302-743A), V5 (Life
Technologies, Inc., R96205; 1:5000), AIP (Thermo Fisher Sci-
entific, MA3-16515; 1:2000), and vinculin (Sigma—Aldrich,
V9264; 1:5000), GAPDH (Cell Signaling Technology, 2118;
1:2000) and secondary antibodies from LI-COR Biosciences
(92632210 and 926068021, each at 1:10,000). Blots were washed
and imaged using a LI-COR Odyssey IR imager, and fluorescent
signals were quantified using the Image Studio software pro-
vided by LI-COR. See Fig. S1D for full-length PDE3A and
PDE3B immunoblots indicating sufficient antibody specificity.

RNA extraction and real-time quantitative RT-PCR

To measure PDE3A mRNA expression levels in cell lines,
cells were collected, and total RNA was made using a Monarch
total RNA miniprep kit (New England Biolabs, T2010S),
reverse-transcribed using the SuperScript III First-Strand syn-
thesis system (Thermo Fisher Scientific, 18080051). Parallel
negative control reactions were carried out by leaving out the
reverse transcriptase. TagMan real-time PCR was performed
on the ¢cDNA products for PDE3A (Hs01012698_m1) and
GAPDH (Hs02758991_g1), and relative gene expression levels
were calculated as —ACT'values between sample and respective
no-reverse transcriptase control.

cDNA ectopic expression

ORF overexpression constructs were obtained from TRC
consortium: PDE3A (ccsbBroad304_06701), PDE3B (ccsb-
Broad304_06702), GFP (ccsbBroad304_99997), and AIP
(BRDN0000465180), for which the Lys-228 snp was corrected
to GIn-228 to match the UniprotKB protein sequence (acces-
sion number O00170). For lentivirus-based gene delivery, 293T
cells were transfected with ORF overexpression constructs and
packaging plasmids psPAX2 and pMD2.G. Virus was collected
48 h after transfection and added to target cells for spin infec-
tion with 4 or 8 ug/ml of Polybrene. Transduced target cells
were selected using 15 ug/ml blasticidin and then expanded for
3 days before plating into 384-well plates for DNMDP sensitiv-
ity testing.

Assay for SLFN12 Phe-185 frameshift mutation status in cell
lines

Genomic DNA was isolated from cells using the QIAamp
DNA mini kit (Qiagen 51304), and the SLEN12 genomic region
was amplified by PCR using Q5 High-Fidelity 2X Master Mix
(New England Biolabs, M0492) and primers SLFN12_2_F or
SLFN12_428 F and SLFN12_858_R. PCR products were puri-
fied using the QIAquick PCR purification kit (Qiagen 28104)
and sent for sequencing using forward or reverse primers used
for PCR. Sequencing reads were aligned to reference sequence
using Benchling alignment tools.

CRISPR knockout

PDE3A CRISPR KO cells (sgRNA#2) were generated accord-
ing to de Waal et al. (2). CRISPR target sites for PDE3B and AIP
were identified using the CHOPCHOP CRISPR Design Tool

3444 | Biol. Chem. (2020) 295(11) 3431-3446

(http://chopchop.cbu.uib.no)? (35, 36). Oligonucleotide se-
quences are listed in Table S1. For cloning of sgRNAs, forward
and reverse oligonucleotides were annealed, phosphorylated,
and ligated into a BsmBI-digested lentiCRISPRv2 vector. Len-
tivirus carrying each guide construct was packaged as described
above and used to infect target cells. Transduced target cells
were selected using 1 ug/ml puromycin and passaged for 7 days
before use.

Site-directed mutagenesis

A pDONR-PDE3A plasmid from the TRC consortium (ccsb-
BroadEn_06701) was used to generate mutated PDE3A ORFs.
Primers used for mutagenesis are listed in Table S1. PDE3A
deletion mutant and H752A point mutant expression con-
structs were generated using the GeneArt Site-Directed
Mutagenesis PLUS system (Thermo Fisher Scientific, A14604)
whereas point mutants Y807A, C816A, Y814A, H840A, D950A,
and F1004A were generated by recombination of PCR products
(32). Mutated ORFs were then shuttled into the pLX304 lenti-
viral expression vector using Gateway LR Clonase (Thermo
Fisher Scientific, 11791020). To generate the SNP-corrected
AIP expression construct, the AIP ORF was shuttled into
pDONR223 using Gateway BP Clonase (Thermo Fisher Scien-
tific, 11789020), mutagenized using the GeneArt Site-Directed
Mutagenesis PLUS system, and then shuttled back into pLX304
using Gateway LR Clonase. All plasmids were sequence-veri-
fied along the entire ORF length to ensure the presence of
desired mutation and the absence of additional unwanted
mutations.

Linker resin pulldown

To measure the binding of DNMDP to WT and mutant
PDE3A proteins, A2058 PDE3A KO cells stably transduced
with lentiviral ORF overexpression constructs were harvested.
Linker resin pulldown experiments were performed as
described previously (2). Briefly, cells were lysed in modified
radioimmune precipitation assay lysis buffer (150 mm NaCl,
10% glycerol, 50 mm Tris-Cl, pH 8.0, 50 mm MgCl,, 1% Nonidet
P-40) supplemented with EDTA-free protease inhibitors
(Sigma—Aldrich, 4693159001) and PhosSTOP phosphatase
inhibitors (Sigma—Aldrich, 4906837001). 200 ug of total pro-
tein (0.5 mg/ml, 400 ul) was incubated with 3 ul of DNMDP-2L
affinity linker resin (2) with or without 10 um trequinsin for 4 h
at 4 °C. Beads were then washed three times with lysis buffer,
and proteins bound were eluted with 50 ul of LDS sample-
loading buffer with reducing agent added (Thermo Fisher Sci-
entific, NP0007 and NP0009). 20 ul of each eluted sample and
50 ug of corresponding matched input lysate (50% input) were
separated on 4-12% BisTris polyacrylamide gels (Thermo
Fisher Scientific) and immunoblotted with anti-PDE3A anti-
body (1:1000; Bethyl, A302-740) as described above.

Genome-wide CRISPR screen

The Brunello CRISPR KO library (33) was used for the
DNMDP resistance screen. Lentiviral infection was carried out

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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in duplicate and for each replicate with enough HeLa cells to
achieve >1000 infected cells/library member (80,000 sgRNAs,
>8 X 107 cells total) and at low multiplicity of infection to
achieve transduction of a single sgRNA per cell. Infection effi-
ciencies for the two replicates were 24 and 31%, respectively,
corresponding to a multiplicity of infection of about 0.3, mean-
ingabout 85% of infected cells would be predicted to have single
sgRNA integration (34). At the time of infection, HeLa cells
were resuspended in medium and mixed with Brunello library
virus in the presence of 8 ug/ml Polybrene (library lentivirus
provided by the Genetic Perturbation Platform at the Broad
Institute), plated in 12-well dishes at 3 X 10° cells/well, and
spun at 931 X g for 2 h at 30 °C. 2 h after the spin infection,
virus-containing medium was removed, and fresh medium was
added for incubation overnight. The day after the infection,
cells were trypsinized and pooled into T225 flasks at 50% con-
fluence (1.6 X 107 cells/flask), and puromycin was added to 1
pg/ml to select for infected cells. At the same time, in-line
infection efficiency assays were performed by comparing cell
counts after puromycin selection with those without selection.
After 4 days of puromycin selection, infected cells were col-
lected and passaged in T225 flasks at 25% confluence (8 X 10°
cells/flask) for three additional days to allow CRISPR KO to
complete. Cells were collected at 8 days after infection, and 8 X
107 cells each were split into the DMSO control arm (plating at
8 X 10° cells/T225 flask) or the 25 nm DNMDP treatment arm
(plating at 2 X 107 cells/T225 flask). Cells were passaged every
3—4 days at 25% confluence for the next 14 days. For the DMSO
arm, 8 X 107 cells were maintained at every passage, whereas all
surviving cells were passaged for the DNMDP arm. After 14
days of compound treatment, cells were harvested, washed with
cold PBS, and flash-frozen at 2 X 107 cells (DMSO arm) or
lesser portions for genomic DNA isolation. Genomic DNA was
isolated using the Nucleospin Blood XL kit (DMSO samples,
four preparations to cover 8 X 107 cells; Machere-Nagel,
740950.50) or the QIAamp DNA blood minikit (DNMDP-
treated samples; Qiagen, 51104). PCR amplification of sgRNA
tags and pooled library sequencing were carried out as
described by Sanson et al. (33).

CRISPR screen data analysis was done largely as described by
Sanson et al. (33). Briefly, deconvolution of sequencing reads
yielded read counts for each sgRNA under each replicate treat-
ment condition. Log,-normalized reads for each guide per con-
dition were calculated using the formula, log,(guide/total X
1,000,000 + 1) and averaged across the two replicates. Sub-
tracting DMSO values from those for 25 nm DNMDP generated
log,-fold change values for each sgRNA, which were then aver-
aged across all sgRNAs targeting the same gene to generate
gene-level average log,-fold change score. To statistically eval-
uate gene-level enrichment in DNMDP treatment relative to
DMSO, sgRNAs were rank-ordered based on average log,-fold
change, and p values for each sgRNA relative to the rank order
were determined by running a hypergeometric distribution
without replacement, equivalent to a one-sided Fisher’s exact
test. The average of the negative log;, p values for each sgRNA
targeting the same gene was calculated to generate the average
negative log;, p value for each gene. A volcano plot was gener-
ated using the average log, -fold change and the average nega-
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tive log,, p value for all genes with 3—8 sgRNAs/gene to visu-
alize gene enrichments after the positive selection of 25 nm
DNMDP treatment.

Transient transfection and immunoprecipitation

HeLa or HeLa AIP KO cells were transfected with ORF over-
expression constructs expressing V5-tagged SLEN12 (TRC
consortium, TRCN0000476272) using the Fugene transfection
reagent (VWR E2691). At 72 h post-transfection, cells were
treated with 10 uM DNMDP or DMSO for 8 h and collected and
snap-frozen until lysis. Cell pellets were lysed as described
above. 3 mg of total protein was incubated with 4 ug of anti-
PDE3A antibody (Bethyl 302-740A) at 4 °C overnight, followed
by the addition of 20 ul each of Protein A— and Protein
G-Dynabeads (Thermo Fisher Scientific, 10001D and 10003D)
and additional incubation for 2 h. Beads were washed, and
bound proteins were eluted with 20 ul of LDS sample-loading
buffer (Thermo Fisher Scientific, NP0007) with reducing agent
added (Thermo Fisher Scientific, NP0009) and subjected to
SDS-PAGE separation and anti-PDE3A and anti-V5 immuno-
blotting as described above.
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