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The TP53 gene is the most frequently mutated gene in hu-
man cancers, and the majority of TP53 mutations are missense
mutations. As a result, these mutant p53 (mutp53) either
directly lose wildtype p53 (wtp53) tumor suppressor function
or exhibit a dominant negative effect over wtp53. In addition,
some mutp53 have acquired new oncogenic function (gain of
function). Therefore, targeting mutp53 for its degradation may
serve as a promising strategy for cancer prevention and ther-
apy. Based on our previous finding that farnesylated DNAJA1 is
a crucial chaperone in maintaining mutp53 stabilization, and
by using an in silico approach, we built 3D homology models of
human DNAJA1 and mutp53R175H proteins, identified the
interacting pocket in the DNAJA1–mutp53R175H complex, and
found one critical druggable small molecule binding site in the
DNAJA1 glycine/phenylalanine-rich region. We confirmed that
the interacting pocket in the DNAJA1–mutp53R175H complex
was crucial for stabilizing mutp53R175H using a site-directed
mutagenesis approach. We further screened a drug-like li-
brary to identify a promising small molecule hit (GY1-22)
against the interacting pocket in the DNAJA1–mutp53R175H

complex. The GY1-22 compound displayed an effective activity
against the DNAJA1–mutp53R175H complex. Treatment with
GY1-22 significantly reduced mutp53 protein levels, enhanced
Waf1p21 expression, suppressed cyclin D1 expression, and
inhibited mutp53-driven pancreatic cancer growth both
in vitro and in vivo. Together, our results indicate that the
interacting pocket in the DNAJA1–mutp53R175H complex is
critical for mutp53’s stability and oncogenic function, and
DNAJA1 is a robust therapeutic target for developing the
efficient small molecule inhibitors against oncogenic mutp53.

The TP53 gene is the most frequently mutated gene in
human cancers; approximately 50% of human cancers have
TP53 alterations (1, 2). TP53 encodes the p53 protein, which is
a sequence-specific DNA-binding protein that regulates tran-
scription of a number of downstream target genes involved in
apoptosis, cell cycle arrest, and metabolism (3). The N
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terminus of p53 protein contains two transactivation domains,
followed by a proline-rich domain, a highly conserved DNA-
binding domain, and a C terminus encoding its nuclear
localization signals and an oligomerization domain needed for
transcriptional activity (4). The majority of TP53mutations are
missense mutations in the DNA-binding domain, and among
them, eight mutations (V157, R175, Y220, G245, R248, R249,
R273, and R282) account for �28% of total mutations in TP53
(5). There are two classes of p53 DNA-binding domain mu-
tants, namely, conformational mutants and contact site mu-
tants. The conformational mutants, for example, R175H and
R249S, change the structure of p53 protein (6), whereas the
contact site mutants, such as R248W and R273H, have an
altered residue at a site that directly contacts DNA in the
wildtype p53 (wtp53) protein (6, 7).

As a result, TP53 missense mutation produces a full-length
protein that can no longer bind DNA and is therefore inca-
pable of transactivating its target genes, abrogating tumor
suppressor activity of wtp53 (known as loss of function) (8, 9).
Mutant p53 (mutp53) also exhibits a dominant negative effect
through formation of a tetramer with wtp53, inhibiting the
function of wtp53 (8–11). Although carcinogenesis usually re-
quires the loss of both alleles of most tumor suppressor genes,
mutation of one allele of p53 can promote carcinogenesis owing
to the dominant negative effect (12). Furthermore, some
mutp53 may have gain-of-function properties, by which mutp53
acquires oncogenic function and promotes tumorigenesis, sur-
vival, invasion, and metastasis (13–16). These mutp53 proteins
accumulate in the cells and promote malignant progression.
There is a crucial need to develop targeting therapy for mutp53.
However, given the vast spectrum of mutations, therapies
directly targeting mutp53 are extremely difficult and are un-
likely to provide broad clinical utility (5, 17).

Unlike with wtp53, which is degraded shortly under un-
stressed conditions, these missense mutations can increase the
stability of mutp53 protein (18). For example, mutp53 often
loses its activity to interact with Mdm2 for degradation (19,
20). Consequently, these mutant versions of the p53 protein
are commonly expressed at a high level in tumor. Protein
folding and homeostasis are critically dependent on a complex
network of molecular chaperones (21). Molecular chaperones
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generally make “triage” decisions regarding whether substrate
proteins will be folded or degraded (22, 23), particularly for
mutant proteins such as p53 (24–26). DNAJA1 (DnaJ homolog
subfamily A member 1) is a crucial co-chaperone of heat shock
protein 70 (Hsp70) (27, 28) and has been suggested to be a
vital player for mutp53 stability and oncogenic function (24,
29). All the members of the DnaJ family contain the J domain,
which primarily binds to Hsp70 and stimulates its ATPase
activity (28). Besides the J domain, DNAJA1contains three
other conserved regions including the glycine/phenylalanine
rich domain, zinc finger domain, and C terminus (30). The C
terminus possesses a CAAX motif, in which A is an aliphatic
amino acid and X is any amino acid (31). This CAAX motif
specifies the addition of a farnesyl group to the C (cysteine) of
the CAAX motif, which allows binding to the client proteins
and guidance of protein translocation (32). DNAJA1 is pri-
marily a cytosolic protein, but the farnesylation allows it to be
anchored to the endoplasmic reticulum and mitochondrial
membranes (33). It has been reported that the mevalonate
pathway is involved in mutp53 stabilization through inhibiting
its ubiquitination by the CHIP (C terminus of Hsc70-
interacting protein) E3 ubiquitin ligase in a manner relying
on DNAJA1 (24). We further demonstrated that farnesylation
of DNAJA1 CAAX motif is critical for its ability to stabilize
mutp53, and inhibition of DNAJA1 farnesylation promotes
mutp53 degradation and inhibits mutp53-driven carcinogen-
esis (29).

In the present study, by using an in silico approach, we built
homology models and characterized druggable docking sites
and interacting pockets of DNAJA1, mutp53R175H, and the
DNAJA1–mutp53R175H complex and verified their critical role
in regulation of mutp53R175H stabilization. Furthermore, we
identified a promising small molecule hit (GY1-22) after
screening a drug-like library against DNAJA1-mutP53R175H

interacting pocket, which can inhibit mutp53-driven pancre-
atic cancer cell growth both in vitro and in vivo.

Results

Building the homology models, identifying druggable binding
sites and interacting pockets of DNAJA1, mutp53R175H, and
the DNAJA1–mutp53R175H complex by using an in silico
approach

A previous report has indicated that DNAJA1, a molecular
chaperone that belongs to the DnaJ/Hsp40 protein family,
plays an important role in mutp53 stability by preventing
ubiquitin-dependent mutp53 degradation (24). More recently,
we have further demonstrated that the DNAJA1 C-terminal
CAAX motif is critical for mutp53 degradation and inhibits
mutp53-driven carcinogenesis in mice (29). Therefore,
DNAJA1 and its mutp53 chaperone complex provide ideal
druggable targets for eliminating oncogenic mutp53. In the
absence of a crystal structure for DNAJA1, we built a ho-
mology model of the protein structure by considering the
primary sequence of human DNAJA1 (NP_001530.1, 397
residues). The first step in the comparative homology model
building method is to find the template structures of other
2 J. Biol. Chem. (2021) 296 100098
proteins for which 3D structures have been solved. To this
end, we carried out a BLAST/PSI-BLAST search, but this
yielded no single template with sequence similarity >60% with
DNAJA1. Hence, we used the multitemplate-based algorithm
to build the 3D model of DNAJA1. Using the Prime module
implemented in the Schrödinger platform (34), we built a
comparative homology model, which was validated using
MolProbity guidelines (35). Our MolProbity score was found
to be >98th percentile (score >90th percentile indicates the
model is of high quality and suitable for further in silico
studies), as shown in Figure S1A. For mutp53R175H, the crystal
structure was also not available; instead, a recent mutp53R280K

structure (6FF9.pdb) was available. Thus, we switched back the
K280 to R280, which is at the surface of the protein, and then
mutated the arginine 175 to histidine; after mutation, the
mutp53R175H was subjected to energy minimization using the
OPLS3 force field (36) (Fig. S1B).

We then considered the validated DNAJA1 structure and the
energy-minimizedmutp53R175H structure for a protein–protein
docking experiment. As per the ZDOCK (37) protocols, we
assigned DNAJA1, which has 397 amino acids, as the receptor
and mutp53R175H that has 192 amino acids to be the ligand. The
designated ligand was rotated every 6� in the space of Euler
angles around the receptor, and interacting energies were
computed. This docking engine produced 2000 interacting
poses. The poseswere clustered, and 250 low-energetics poses of
the two proteins were obtained. Analyzing these poses from the
protein–proteindocking runs,we found10 low-energetics poses
with similar bindingmodes and energies.We then generated the
Connolly surface areas of the two interacting proteins and
visualized any potential smallmolecule–binding sites or grooves
in the interface between the two proteins. We observed that, of
the 10 interacting poses, four of the poses or druggable inter-
acting pockets showed putative small molecule–binding sites.
Based on the interacting sites, we applied our in-house–gener-
ated artificial intelligence–based hotspots identification algo-
rithm to identify the interacting hotspots between the two
proteins. The pose that generated the highest number of hot-
spots (ΔΔG ≤ 2.0 kcal/mol) (38) was considered to be a critical
docking site(s) or potential small molecule–binding site(s). It is
intriguing that all four druggable interacting pockets for putative
small molecule–binding sites were located at the only critical
docking site of the DNAJA1 glycine/phenylalanine-rich region
and at the non–DNA-binding surface of DNA-binding domain
in mutp53R175H, as illustrated in Figure 1.

Validation of the critical role of druggable binding sites and
interacting pockets of the DNAJA1–mutP53R175H complex in
regulation of mutp53R175H stabilization

Since the interacting pockets in the DNAJA1–mutp53R175H

complex are in a druggable docking site of the DNAJA1
glycine/phenylalanine-rich region, we further analyzed
whether the interacting pocket is critical for mutp53R175H

stability, particularly for the hotspots of Ala138 and Glu198 in
mutp53R175H and Pro84 and Lys125 in DNAJA1. Using a site-
directed mutagenesis approach, we generated multiple mutant



Figure 1. In silico analysis of 3D homology models, molecular docking site, and interacting pocket for DNAJA1–mutp53R175H protein complex. A, an
interacting/druggable pocket of putative small molecule–binding site in DNAJA1–mutp53R175H complex (green structure, DNAJA1; magenta structure,
mutp53R175H). B, the interface between the interaction domains were shown along with the potential hydrogen bonds in between structures represented as
black dotted lines. The small molecule ligand-binding site had also been shown in the interface between the two structures.
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p53 constructs (p53R175H/E198K, p53R175H/A138S, and
p53R175H/A138S/E198K) and DNAJA1 mutants (DNAJA1K125Q,
DNAJA1P84S, and DNAJA1P84S/K125Q). AsPC-1 is a p53-null
human pancreatic cancer cell line (39) into which we trans-
fected different mutant p53 constructs. We found that
AsPC-1 cells transfected with p53R175H/A138S plasmid or
p53R175H/A138S/E198K plasmid led to loss of mutp53R175H

expression and transfection with p53R75H/E198K plasmid
Figure 2. Effects of different mutations of p53 and DNAJA1 on their intera
null cells) were transfected with control plasmid (lane 1), mutp53R175H plasmid
4), or mutp53R175H/A138S/E198K plasmid (lane 5) for 24 h, and the expression of m
SC-99 from Santa Cruz Biotechnology). B and C, in AsPC-1 cells, the endoge
transfection with mutp53R175H or mutp53R175H/E198K plasmid, together with
mutation; P, P84S mutation; PK both P84S and K125Q mutation). Mutp53 a
cells were treated as described for B and further treated with MG-132 (25 μ
mutp53 and DNAJA1 protein levels. E, co-immunoprecipitation to confirm the
(PK). AsPc-1 cells were treated as described for B and immunoprecipitated by
mutp53 protein levels. F, farnesylated DNAJA1; U, unfarnesylated DNAJA1.
resulted in decrease in mutp53R175H expression, whereas
DNAJA1 protein levels remained constant (Fig. 2A). To
exclude the possibility that the loss of mutp53R175H expression
could be due to the A138S mutation that may prevent binding
of this mutp53 antibody, we performed the same experiment
with another mutp53 antibody, and the result was consistent
(Fig. S2). Together, these results indicate that Glu198 and
Ala138 are critical for mutp53R175H stabilization. To test the
ction and mutp53 stability. A, human pancreatic cancer AsPC-1 cells (p53-
(lane 2), mutp53R175H/A138S plasmid (lane 3), mutp53R175H/E198K plasmid (lane
utp53 and DNAJA1 was determined by Western blotting (Mutp53 antibody:
nous DNAJA1 expression was knocked down through siRNA, followed by
wildtype (WT) DNAJA1 or different DNAJA1 mutation plasmids (K, K125Q
nd DNAJA1 protein levels were detected by Western blotting. D, AsPC-1
M) or DMSO for another 4 h. Western blotting was performed to monitor
different interactions between p53R175H and WT DNAJA1 or mutant DNAJA1
anti-mutp53 antibody, followed by Western blotting to detect DNAJA1 and
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Figure 3. Subcellular localization of p53R175H and DNAJA1 in AsPC-1
cells. Cells were grown on chamber slides, transfected with p53R175H

plasmid, fixed with 4% paraformaldehyde in PBS, and immunostained with
mutp53 (green), DNAJA1 (red), and DAPI (blue). (Scale bar is in the photo.)
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effects of the interaction between mutp53R175H and DNAJA1
on mutp53R175H stability, we knocked down the endogenous
DNAJA1 expression in AsPC-1 cells through DNAJA1 siRNA,
followed by co-transfection of cells with p53R175H, p53R175H/

E198K, wildtype (WT) DNAJA1, or mutant DNAJA1 plasmids
(DNAJA1K125Q, DNAJA1P84S, and DNAJA1P84S/K125Q). As
shown in Figure 2, B–C, siRNA knockdown of DNAJA1
resulted in a significant reduction of mutp53R175H protein
levels (lane 2 versus lane 1), which could be rescued by re-
expression of WT DNAJA1 (lane 3 versus lane 2), and
mutant DNAJA1 plasmids resulted in a significant decrease in
mutp53R175H protein levels, particularly in cells transfected
with double mutant of P84S and K125Q (lanes 4, 5, and 6 versus
lane 3). In view of the fact that DNAJA1 prevents E3 ligase CHIP-
mediated ubiquitin proteasomal pathway to degrade mutp53 by
competitively binding withmutp53 (24), after siRNA knockdown
and plasmids transfection, AsPC-1 cells were further treatedwith
MG-132, a proteasome inhibitor. As shown in Figure 2D, MG-
132 dramatically increased mutp53 protein levels in AsPC-1
cells after knockdown of DNAJA1 or expression of mutant
DNAJA1, whereasMG-132 had minimal effect on mutp53 levels
in control AsPC-1 cells or AsPC-1 cells transfected with WT
DNAJA1, indicating that DNAJA1 plays an important role in
preventing proteasome-mediated mutp53 degradation and the
predicted binding sites are crucial for DNAJA1 function to
maintain mutp53 stability. To further determine whether these
mutations truly impact DNAJA1–mutp53 interaction, we carried
out an immunoprecipitation experiment and found that mutant
DNAJA1 markedly reduced its binding to mutp53 (Fig. 2E).

To investigate the cellular localization of mutp53 and
DNAJA1, immunofluorescence staining was performed in
AsPC-1 cells after the cells were transfected with p53R175H

plasmid. As illustrated in Figure 3, DNAJA1 was located at
both nuclear and cytoplasmic compartments as we previously
reported in P03 cells (29). Of interest, unlike endogenous p53,
which is mainly localized in nucleus, expression of p53R175H

was found in both nucleus and cytoplasm, although in many
cells it was concentrated in nuclei. Collectively, these results
demonstrate that the co-localization of DNAJA1 and p53R175H

and the identified docking sites/interacting pockets in the
DNAJA1–mutP53R175H complex are crucial for mutp53 sta-
bility. These results also indicate that the docking sites/inter-
acting pockets are excellent candidate druggable sites.

Small molecules identification through drug-like library
screening against the DNAJA1–mutp53R175H interacting
pocket

One of the key elements in any library screening is to ensure
that the identified hit compounds are drug-like and chemically
tractable. Often, hits identified by conventional high-
throughput screening possess non–drug-like properties and
are unsuitable for chemical modification. We created a curated
small molecule database using multiple tiers of filters (such as
Lipinski [40], Veber [41], and 239 PAINs [42]) from the ZINC
database (43), which contains approximately 45 million pur-
chasable compounds. This proprietary database has been
4 J. Biol. Chem. (2021) 296 100098
previously used by us in many successful in silico screening
studies (44–47). Since we have identified and validated prom-
ising small molecule–binding pockets at a druggable docking
site of DNAJA1 and at the interface of the DNAJA1–
mutp53R175H complex as mentioned above, we proceeded to
screen a diverse library of 1 million compounds using the three-
tiered Glide small molecule docking engine (48) from Schrö-
dinger. The small molecule hit set obtained through Glide was
cross-docked with Gold (49) and Surflex (50) docking engines,
which are built upon orthogonal algorithms.We identified 27 of
the top hit molecules (Glide score ≤6.0) interacting with the
interface of the DNAJA1–mutp53R175H interacting pocket. To
validate the 27 hits, we used a murine pancreatic carcinoma cell
model (P03 cells, containing a p53R172H mutation, which equals
human p53R175H mutation). As illustrated in Figure 4, four hits
showed a significant reduction of mutp53R172H expression at a
dose range of 10 to 50 μM, whereas DNAJA1 protein levels
remained unchanged, and GY1-22 (chemical name: 2- {2-
[(1H benzimidazol-2-ylmethyl)sulfanyl]-1H-benzimidazol-1-
yl}ethyl phenyl ether) was the most promising hit. Not only in
P03 cells but also in human colon cancer cell line LS123, which
also contains p53R175H mutation, GY1-22 reduced mutp53
protein expression (Fig. 4C).

GY1-22 loses the ability to degrade mutp53R175H after
mutation of critical sites at the interface of the
DNAJA1–mutp53R175H complex

Studying the chemical structure of GY1-22 (Fig. 5A) by
analyzing the GY1-22 docked pose, we observed that one of
the benzimidazoles of the compound had two potential
hydrogen bonds with an Ala138 backbone and a Glu198 side



Figure 4. Screening with small molecule drug-like library against DNAJA1–mutP53R175H interacting pocket. A, four of the 27 top hits showed the
effect on reducing mutp53 protein level in mouse pancreatic cancer P03 cells. Cells were treated with different concentrations of the compounds for 24 h,
and the protein levels of mutp53 and DNAJA1 were determined by Western blotting. B, the mutp53 band intensities were determined by densitometry and
were normalized to loading control actin. C, human colon cancer LS123 cells (containing the p53R175H mutation) were treated with different concentrations
of GY1-22 for 24 h, and the protein levels of mutp53 and DNAJA1 were detected by Western blotting.
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chain of mutp53R175H, whereas the phenyl ring of the com-
pound showed a hydrophobic interaction with the Pro84 of the
DNAJA1 druggable docking site in the glycine/phenylalanine-
rich region (Fig. 5B). Using the site-directed mutagenesis
approach and AsPC-1 cells, we further explored whether there
were any effects on GY1-22–induced mutp53R175H degrada-
tion by introducing the mutation at the docked binding site in
the DNAJA1–mutp53R175H complex. As shown in Figure 5C,
after knockdown of DNAJA1 by siRNA, GY1-22 treatment
(25 μM) resulted in a marked reduction of mutp53R175H

expression in AsPC-1 cells transfected with WT DNAJA1 and
mutp53R175H plasmids (lane 2 versus lane 1), whereas GY1-22
treatment lost the ability to reduce mutp53R175H expression in
Figure 5. Validation of the most promising hit GY1-22 on its ability to red
pose on DNAJA1–mutp53R175H complex. C, AsPC-1 cells were transfected with
followed by co-transfection with mutp53R175H or mutp53R175H/E198K plasmids
mutation) for another 24 h, then treated with DMSO or 25 μM GY1-22 for 24 h. D
subjected to immunoprecipitation by anti-DNAJA1 antibody, followed by Wes
AsPC-1 cells transfected with mutant DNAJA1 and
mutp53R175H plasmids (lane 4 versus lane 3). In addition, GY1-
22 treatment did not show an effect on reducing mutp53R175H

expression in AsPC-1 cells transfected with the p53R175H/E198K

and WT DNAJA1 plasmids (lane 6 versus lane 5). Finally,
AsPC-1 cells transfected with both p53R175H/E198K and mutant
DNAJA1 plasmids exhibited a decrease of mutp53R175H

expression (lane 7 versus lane 1), and subsequently treatment
of GY1-22 did not display any effect on inducing mutp53R175H

degradation (lane 8 versus lanes 7). To investigate whether
GY1-22 really disrupts the binding between DNAJA1 and
mutp53, a co-immunoprecipitation experiment was performed.
As shown in Figure 5D, comparedwith control (withoutGY1-22
uce mutp53 expression. A, chemical structure of GY1-22. B, GY1-22 docked
DNAJA1 siRNA to knock down endogenous DNAJA1 expression for 24 h,

and wildtype (WT) DNAJA1 or DNAJA1 mutants (PK, both P84S and K125Q
, P03 cells were treated with different concentrations of GY1-22 for 24 h and
tern blotting to detect mutp53, ataxin-3, and DNAJA1 protein levels.
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treatment), GY1-22 significantly reduced the binding between
DNAJA1 andmutp53 in a dose-dependentmanner.Antaxin-3 is
another protein that has been reported to bind to DNAJA1 (51);
however, GY1-22 did not disrupt its binding to DNAJA1, indi-
cating that GY1-22 specifically disrupts the binding between
mutp53 and DNAJA1. Taken together, we identified and
confirmed the specific binding site of compound GY1-22 on the
DNAJA1–mutp53R175H complex, which is important for mov-
ing forward in testing its biological effects.

Biological effects of GY1-22 on mutp53-driven P03 pancreatic
cancer cell growth in vitro and in vivo

Analysis of efficacy and cytotoxicity of GY1-22 was per-
formed both in vitro and in vivo. In P03 cells (derived from
mice carrying both wtp53 and mutp53 R172H, equivalent to
human mutp53R175H [29]) treated with GY1-22 for 24 h
in vitro, GY1-22 exhibited a dose-dependent effect on inhibi-
tion of mutp53 and cyclin D1 expression but induction of
wtp53-activated Waf1p21 expression (Fig. 6A). In agreement
with these findings, GY1-22 also showed a dose-dependent
effect on inhibiting cell growth with IC50 28 μM and low
cytotoxicity (cell viability) (Fig. 6B). GY1-22 toxicity in rats
Figure 6. Effects of GY1-22 on mutp53-driven P03 pancreatic cancer cell g
Waf1p21, and DNAJA1 after different doses of GY1-22 treatment for 24 h. B, in v
P03 cells treated with GY1-22. C, knockout of DNAJA1 gene in P03 cells through
stable cell clones after transfection with DNAJA1 CRISPR/Cas9 KO plasmid, w
DNAJA1 expression was completely shut down in clone H10. D and E, in vivo in
(n = 6 mice per dose, equal gender) either by shutdown of DNAJA1 gene ex
nofluorescent staining (scale bar in the photo) and density quantitation of mutp
(*p < 0.05; ***p < 0.001).
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(from the material safety data sheet) are LD50 = 1240 mg/kg,
and the lowest observed adverse effect level/long-term toxic
effect = 32.3 mg/kg. We performed a toxicity study by using 8-
to 10-week-old C57BL/6J mice treated with 1, 3, and 10 mg/kg
(daily i.p., three mice per dose) for 2 weeks. Dosage of
10 mg/kg (three times lower than the lowest observed adverse
effect level) did not exhibit any toxicity grossly or histologi-
cally. To determine the role of DNAJA1 in mutp53R175H-driven
carcinogenesis, we generated a DNAJA1 knockout (KO) P03
stable cell line through CRISPR/Cas9 system (Fig. 6C and S3),
and either P03 or P03/DNAJA1 KO cells were transplanted into
C57BL/6J mice (2 × 105 cells per site, subcutaneous inocula-
tion). DNAJA1 knockout alone exhibited a significant inhibition
of tumor growth 2 weeks after transplantation (Fig. 6, D–E,
upper panels). P03 subcutaneous implanted in C57BL/6J mice
treated with GY1-22 at 1 mg/kg, i.p. injection (n = 6 mice),
showed a significant inhibition of in vivo tumor growth (Fig. 6,
D–E, lower panels), which was comparable with P03 DNAJA1
knockout line. Immunofluorescent staining of the tumors
showed a significant decrease of mutp53, too (Fig. 6, F–G).
Collectively, these data strongly demonstrate that the DNAJA1–
mutp53 complex is a critical target for mutp53-driven cancer
rowth in vitro and in vivo. A, Western blotting assay for mutp53, cyclin D1,
itro growth inhibition (upper histogram) and cell viability (lower histogram) of
CRISPR/Cas9 system. C, control P03 cells; 34, F6, F9, and H10 were different
hich encodes the Cas9 nuclease and DNAJA1-sepecific 20-nt guide RNA;
hibition of P03 pancreatic cancer cell growth in transplanted C57BL/6J mice
pression (clone H10) or treatment with GY1-22 (1 mg/kg). F and G, immu-
53 for in vivo P03 tumor treated without or with 1 mg/kg GY1-22 compound
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and GY1-22 is a novel small molecule inhibitor against the
DNAJA1–mutp53R175H complex with low toxicity.

Discussion

Mutp53 can either abrogate tumor-suppressive function of
wtp53 (loss of function) or acquire new oncogenic function
(gain of function) to promote carcinogenesis. Therefore, tar-
geting mutp53 for its degradation may serve as a promising
therapeutic strategy for many cancers that harbor mutp53. We
tested this strategy by studying whether mutp53 and its
DNAJA1 chaperone complex are druggable targets for eradi-
cating mutp53. Using an in silico approach, we built 3D
homology models of human DNAJA1 and mutp53R175H pro-
teins and identified the interacting pocket(s) in the DNAJA1–
mutp53R175H complex and found only one critical druggable
docking site in the DNAJA1 glycine/phenylalanine-rich region.
We demonstrated that the interacting pocket in the DNAJA1–
mutp53R175H complex was crucial for stabilizing mutp53R175H

using a site-directed mutagenesis approach, indicating its
potential as a druggable targeting site. We further screened a
drug-like library to identify a promising hit (GY1-22) against
the interacting pocket in the DNAJA1–mutp53R175H complex.
The GY1-22 compound displayed inhibitory activity against
the DNAJA1–mutp53R175H complex. In addition, treatment
with GY1-22 significantly reduced mutp53 expression,
enhanced Waf1p21 expression, suppressed cyclin D1 expres-
sion, and inhibited mutp53-driven pancreatic cancer growth
both in vitro and in vivo, indicating that DNAJA1 is critical for
chaperoning mutp53’s stability and oncogenic function and is
a potential robust therapeutic target for developing the effi-
cient small molecule inhibitors against oncogenic mutp53.

Besides loss of function and gain of function, mutp53 has a
dominant negative effect through inactivation of wtp53 tumor-
suppressive function, which occurs in many cancer models.
For example, transgenic mice expressing mutp53 in p53+/−

background have a higher incidence of tumor formation and
increased rate of metastasis compared with p53+/− mice (12,
52). There are several underlying mechanisms that can explain
the dominant negative effect: First, mutp53 has the ability to
heterotetramarize with wtp53 and converts the wtp53 to an
inactive, mutant conformation (53, 54). Second, it may be due
to insufficient participation of mutp53 in transactivation of
some p53 targets (54, 55). Third, mutp53 could bind to tran-
scriptional cofactors that are required for wtp53 function (56).
Since almost half of human cancers have TP53 mutations and
mutation of one allele of p53 can promote carcinogenesis due
to the dominant negative effect, the best strategy to treat
mutp53-containing cancer is to eliminate mutp53 and restore
the tumor-suppressive function of wtp53. We found that, in
P03 cells (derived from a mouse pancreatic carcinoma with
mutp53R172H, equivalent to human mutp53R175H), treatment of
GY1-22 significantly decreased the mutp53R172H protein level
and markedly enhanced Waf1p21 expression, a wtp53-
activated gene, indicating that GY1-22 not only eliminates
mutp53 but also restores wtp53 tumor-suppressive function by
abrogating mutp53 dominant negative effect.
As we mentioned above, the interacting pocket in the
DNAJA1–mutP53R175H complex is crucial for mutp53 stability;
particularly, the spots ofAla138 andGlu198 inmutp53R175H and
Pro84 and Lys125 in DNAJA1 play an important role in main-
taining mutp53. Surprisingly, when we introduced another
mutation (A138S) into mutP53R175H, it led to loss of expression
of the newmutp53R175H/A138S protein. The A138Smutation has
been deposited in the latest IARC TP53 Database (R20, https://
p53.iarc.fr/). It is located in TP53 exon 5 and is due to the codon
412 G to T mutation. Unlike R175H mutation that loses wtp53
transactivation ability, the A138S missense mutation still keeps
wtp53 transactivation function and can fully regulate many
downstream target genes (57, 58). One function of the Hsp40/
DNAJ family (DNAJA1 is a member of this protein family) is its
involvement in refolding misfolded proteins to prevent them
from being degraded by proteases. Given the fact that DNAJA1
inhibits the activities of CHIP on mutp53 by competitively
binding with mutp53 (24), it is possible that A138S mutation
may change the conformation of mutp53R175H, thereby making
it impossible for DNAJA1 to bind with mutp53R175H/A138S, and
thus no longer inhibiting the activity of CHIP on mutp53.

Previously, we have demonstrated that farnesylation of
DNAJA1 at the C-terminal CAAX motif is critical for mutp53
stabilization and atorvastatin inhibits DNAJA1 farnesylation and
promotes mutp53 degradation (29). In the current study, we
further found that GY1-22 induces mutp53 degradation but
through a different mechanism: binding pockets at a druggable
dockingsiteof theDNAJA1glycine/phenylalanine-rich regionand
at the interface of the DNAJA1–mutp53R175H complex. It would
be very interesting to ask whether GY1-22 synergizes with ator-
vastatin on mutp53 degradation. Indeed, we found that, at 10 μM
concentration, atorvastatin alone barely induced mutp53 degra-
dation; however, cotreatment of atorvastatin with GY1-22 mark-
edly reduced the mtp53 protein level. Furthermore, GY1-22
synergizedwithatorvastatinas lowas1μMconcentration (Fig. S4).

We identified GY1-22 by using one of the most frequent p53
mutations (R175H); however, DNAJA1 has been reported to
interact with different mutp53 (24); whether GY1-22 has the
same effect on other missense mutp53 remains to be eluci-
dated. On the other hand, based on the findings presented here
and in the literature to date, it is thus reasonable to suggest
that more small molecules against a wide spectrum of mutp53
could be identified based on the druggable docking site in the
DNAJA1 rather than the interacting pockets in the DNAJA1–
mutp53R175H complex.

Experimental procedures

Cell culture and drug treatment

The mouse pancreatic carcinoma cell P03 was derived from
PDAC KPC R172H mouse, which has a R172H missense p53
mutation, equivalent to human R175H mutation. Cells were
cultured in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum (FBS) and 0.1% gentamicin. AsPC-1 is a p53-
null human pancreatic carcinoma cell line and was cultured in
RPMI-1640 medium with 10% FBS and 0.1% gentamicin. LS123
is a human colon cancer cell line (containing the p53R175H
J. Biol. Chem. (2021) 296 100098 7
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mutation), grown in Eagle’s minimum essential medium with
10% FBS and 0.1% gentamicin. All cell lines were maintained at
37 �C with 5% CO2. MG-132 was from Sigma; other com-
pounds (including GY1-22) were purchased from Chembridge
Corp and reported to be >95% pure by the vendor. For drug
treatment, different small molecules were dissolved in dimethyl
sulfoxide (DMSO) and added into culture medium for 24 h; the
control group was treated with DMSO only.

Animal experiments

C57BL/6J mice were purchased from the Jackson laboratory.
P03 cells or P03/DNAJA1 KO cells (2 × 105 cells per 100 μl
plain medium per site) were injected subcutaneously into both
sides of flank. To test the GY1-22 effect, only P03 cells
transplanted into mice were used. On the next day, GY1-22
was administered to mice by i.p. injection daily in the dose
of 1 mg/kg body weight; control group animals were injected
with DMSO. Tumor development was monitored daily, and
mice were sacrificed at 17 days post P03 cell transplantation.
Tumors were dissected and measured for size (length and
width) and weight. Mice were housed under pathogen-free
conditions with free access to water and food in the animal
facility at the Center for Comparative Medicine at North-
western University. All research involving animals have been
reviewed and approved by the Northwestern University Ani-
mal Care and Use Committee and were conducted in
compliance with Northwestern University IACUC guidelines.

Tissue preparation and immunofluorescence

Mice were euthanized with CO2 and the tumors were
collected, fixed in 10% formalin for 24 h, routinely processed,
and embedded in paraffin. Five-micrometer serial paraffin
sections were obtained on poly-l-lysine–coated slides. For
tissue immunofluorescence staining, paraffin sections were
rehydrated and antigens were retrieved using citrate buffer in a
microwave. The horse serum was used to block nonspecific
protein interactions. Slides were then incubated with primary
antibody (p53 (CM5) antibody, Vector Labs) at 4 �C overnight,
followed by incubation with Alexa Fluor 488–conjugated
secondary antibody (Thermo Fisher Scientific) for 1 h at room
temperature. After the final wash with PBS, the slides were
mounted and visualized with a fluorescence microscope.

Western blot

After treatment, culture medium was removed and cells
were washed with PBS, scraped, and lysed on ice for 30 min by
using lysis buffer containing 1% PMSF, 1% protease inhibitor
cocktail, and 1% phosphatase inhibitor cocktails 2 and 3
(Millipore-Sigma). The extracts were centrifuged at 13,000
rpm for 10 min at 4 �C. The supernatant was collected. Protein
concentrations were determined by the BCA assay (Thermo
Fisher Scientific). Twenty micrograms of protein was loaded
on SDS-PAGE and transferred to the PVDF Membrane (Bio-
Rad). The membrane was blocked with 5% non-fat dry milk in
1X TBST for 1 h at room temperature and followed by incu-
bation with the primary antibody solution overnight at 4 �C.
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The membrane was then washed with TBST and incubated
with HRP-linked secondary antibodies for 1 h at room tem-
perature. The antibody-antigen complexes were detected by
using the LumiGLO chemiluminescent substrate (Cell
Signaling Technology) according to the manufacturer’s di-
rections, and the emitted light was captured on X-ray film. The
following antibodies were used: p53 (SC-99), p53 (SC-126),
ataxin-3 (sc-398114), cyclin D1(SC-718), and p21 (SC-6246)
from Santa Cruz Biotechnology; DNAJA1 (MS-225-P1) from
Thermo Fisher Scientific; and β-actin from Sigma-Aldrich.

Co-immunoprecipitation

Agarose-conjugated mutp53 antibody was purchased from
Santa Cruz Biotechnology (SC-99 AC); agarose-conjugated
DNAJA1 antibody was prepared by incubation of DNAJA1
antibody with protein A/G agarose beads on rotator for 4 h at
4 �C. Cell lysates were incubated with agarose-conjugated
antibody overnight on rotator at 4 �C. Samples were centri-
fuged at 2000g for 3 min at 4 �C, and the pelleted beads were
washed 4 times with cold wash buffer supplemented with
protease inhibitors. Finally, 25 μl loading buffer was added to
each sample, followed by SDS-PAGE and Western blot.

Cellular immunofluorescence

AsPC-1 cells were plated into a 2-well chamber slide (Nunc
Lab-Tek II) at the density of 8 × 104 cells/ml. One day later,
cells were transfected with p53R175H plasmid for 24 h. Cells
were washed with PBS, fixed by 4% paraformaldehyde for 15
min, followed by permeabilization with 0.1% Triton X-100 in
PBS for 10 min at room temperature, and blocked by 3% BSA
in PBS containing 0.1% Triton X-100 for 1 h at room tem-
perature. Cells were then incubated overnight with anti-p53
(SC-99) antibody and anti-DNAJA1 antibody, followed by in-
cubation with Alexa 568– and Alexa 488–conjugated sec-
ondary antibodies (Thermo Fisher Scientific) for 1 h at room
temperature. After mounting with proLong Gold Antifade
Mountant with DAPI (Invitrogen), immunofluorescence im-
ages were captured by fluorescence microscopy.

RNA interference

Target-specific siRNA duplex targeting human DNAJA1
mRNA (SASI_Hs01_00031818) and non-targeting control
siRNA (SIC001) were purchased from Millipore-Sigma. The
transfection of siRNA into cells was performed by using Lip-
ofectamine RNAiMAX (Thermo Fisher Scientific) according to
the manufacturer’s instructions; cells were transfected for 24 h.

Plasmids and site-directed mutagenesis

pCMV-Neo-Bam p53 R175H was a gift from Bert Vogel-
stein (Addgene plasmid # 16436), and pcDNA5/FRT/TO HIS
DNAJA1 was a gift from Harm Kampinga (Addgene plasmid #
19545). The A138S and E198K mutations of p53R175H and
P84S and K125Q mutations of DNAJA1 were produced by
QuikChange Multi Site-directed Mutagenesis kit (Agilent
Technologies) to mutate codon 138 GCC (Ala) to TCC (Ser)
(mutagenic primer: atgttttgccaactgTccaagacctgccctgtg), codon
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198 GAA (Glu) to AAA (Lys) (mutagenic primer: gcatct-
tatccgagtgAaaggaaatttgcgtgtgg), codon 84 CCC (Pro) to TCC
(Ser) (mutagenic primer: ggcggttttggctccTccatggacatctttg), and
codon 125 AAA (Lys) to CAA (Gln) (mutagenic primer:
atggtgcaacaagaCaactggctctgc), respectively. All mutations were
confirmed by DNA sequencing.

DNA transfection

The transfection of plasmids into AsPC-1 cells was per-
formed by using Lipofectamine 3000 (Thermo Fisher Scienti-
fic) according to the manufacturer’s instructions. For some
experiments, cells were first transfected with DNAJA1 siRNA
to knock down endogenous DNAJA1 expression for 24 h,
followed by co-transfection of different p53 mutants and WT
DNAJA1 or DNAJA1 mutants for another 24 h.

DNAJA1 gene knockout by CRISPR/Cas9 and stable cell line
generation

DNAJA1 CRISPR guide RNA plasmid, which encodes the
Cas9 nuclease and mouse DNAJA1-sepecific 20-nt guide RNA
(TTTACCTTGTAAAAACAGCA, targeting DNAJA1 exon 6),
were from GenScript; P03 cells were transfected with this
plasmid by using Lipofectamine 3000. At 4 days after trans-
fection, puromycin (3 μg/ml) was added into the culture me-
dium to select stable cell lines. After the first round of
selection, a pool of cells with dramatically reduced DNAJA1
expression was established and a monoclonal cell line was
further isolated from the pool by limiting dilution. Each clonal
cell line was detected by Western blot for the expression of
DNAJA1 protein and for positive clones; the exact genomic
mutation was determined by sequencing.

Statistical analysis

Statistical analyses were carried out using Prism 6 (Graph-
Pad software). All experiments were repeated at least three
times; for Western blot and immunofluorescence image, a
representative result was presented. The values were expressed
as means ± SE. A probability value p < 0.05 was considered to
be statistically significant. Normally distributed data were
analyzed by using two-tailed Student’s t test.

Data availability

All the data supporting our conclusions are presented in this
article.
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