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Abstract

Leukemia stem cells (LSC) require frequent adaptation to maintain their self-renewal ability in the face of longer exposure
to cell-intrinsic and cell-extrinsic stresses. However, the mechanisms by which LSC maintain their leukemogenic activities,
and how individual LSC respond to stress, remain poorly understood. Here, we found that DNAJC10, a member of HSP40
family, was frequently up-regulated in various types of acute myeloid leukemia (AML) and in LSC-enriched cells. Deficiency
of DNAJCT0 leads to a dramatic increase in the apoptosis of both human leukemia cell lines and LSC-enriched populations.
Although DNAJC10 is not required for normal hematopoiesis, deficiency of Dnajc10 significantly abrogated AML development
and suppressed self-renewal of LSC in the MLL-AF9-induced murine leukemia model. Mechanistically, inhibition of DNAJC10
specifically induces endoplasmic reticulum stress and promotes activation of PERK-EIF2a-ATF4 branch of unfolded protein
response (UPR). Blocking PERK by GSK2606414 (PERKIi) or shRNA rescued the loss of function of DNAJC10 both in vitro and
in vivo. Importantly, deficiency of DNAJCT0 increased sensitivity of AML cells to daunorubicin (DNR) and cytarabine (Ara-C).
These data revealed that DNAJC10 functions as an oncogene in MLL-AF9-induced AML via regulation of the PERK branch of
the UPR. DNAJC10 may be an ideal therapeutic target for eliminating LSC, and improving the effectiveness of DNR and Ara-C.

Introduction

Acute myeloid leukemia (AML) is characterized by un-
controlled clonal expansion and differentiation block of
immature myeloid cells. It is the most frequent type of
acute leukemia in adults with mortality and relapse rates
of approximately 65% and 50%, respectively.? There is a
small population of leukemia stem cells (LSC) which are
thought to be responsible for the initiation, development,
and relapse of leukemia. LSC are also resistant to traditional
chemotherapy treatments due to their capacity for self-re-
newal and differentiation block. Therefore, unraveling the
underlying molecular mechanisms critical for driving LSC
self-renewal improved prognostic capability and identified
novel targets for treating AML subsets.

Recent studies have demonstrated that various specific
surface molecules, including tyrosine kinase receptors,®
cytokine receptors,* adhesion molecules,® and immune

checkpoint molecules,® are required for the maintenance of
LSC stemness and may be attractive targets for eliminating
LSC. Despite these elegant observations, clinical outcomes
of AML patients remain poor. Simultaneously, LSC are long-
lived due to their capacity for self-renewal. A consequence
of longevity is exposure to cell-intrinsic and cell-extrinsic
stresses, including dysregulated proliferation, DNA damage,
hypoxia, reactive oxygen species, nutrient deprivation, and
changes in Ph levels.”® LSC require frequent adaptation
to maintain their self-renewal ability in the face of these
challenges. Nevertheless, the mechanism by which LSC
maintain their leukemogenic activities, and how individual
LSC respond to stress, remain poorly understood.

The endoplasmic reticulum (ER) regulates the adaptive ca-
pacity of stimulated cells via activating the stress-induced
signal transduction pathway called the unfolded protein
response (UPR), which attempts to alleviate ER workload
and restore cellular homeostasis. The UPR is governed by
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three integral ER membrane sensors: protein kinase RNA-
like ER kinase (PERK), inositol requiring enzyme 1 (IRE1), and
activating transcription factor 6 (ATF6).® UPR sensors could
be activated in the presence of unfolded/misfolded proteins
after the release of the chaperone GRP78. Mechanistically,
activated PERK phosphorylates eukaryotic initiation factor
2 a subunit (EIF2a), leading to the attenuation of global
protein translation. Paradoxically, EIF2a phosphorylation
promotes the expression of activating transcription fac-
tor 4 (ATF4), a member of the ATF/CREB family harboring
alternative open reading frames. ATF4 further promotes
expression of the pro-apoptotic C/EBP-homologous protein
(CHOP) via binding to the promoter region of this gene.®
ATF4-CHOP cascade can induce the apoptotic pathway
following prolonged ER stress,® whereas IRE1 splices XBP1
MRNA to produce the mature form encoding spliced XBP1
(XBP1s) and ATF6 activated by proteolytic cleavage (CATF6),
promoting transcription of chaperones and proteins involved
in ER biogenesis."®

Recent studies revealed that UPR are highly induced in
leukemia cells, and are closely associated with cell apop-
tosis and progression of hematologic malignancies." Here,
we found that up-regulated expression of DNAJC10, an ER
co-chaperone, emerged as an independent predictor for
poor survival of AML patients. Previous studies have revealed
that DNAJC10 acts as a component of the ER-associated
degradation (ERAD) complex involved in recognizing and
degrading misfolded proteins.*' Recently, DNAJC10 has
been found to be associated with neuroblastoma,”™® mel-
anoma,® and lung adenocarcinoma.”® However, the clinical
significance of DNAJC10 in hematologic malignancy has
not been explored. In this study, we aim to investigate the
effect of DNAJC10 on development of AML and self-renewal
of LSC, and explore the underlying molecular mechanism.

Methods

Mice

DNAJC10-KO mice (C57BL/6-Dnajc10tmievaeen) were obtained
from Cyagen Biosciences (Cyagen Biosciences (Suzhou)
Inc., Jiangsu, China). NSG mice (NOD-Prkdcscid Il2rgem1/
Smoc) were purchased from Shanghai Model Organisms
(Shanghai Model Organisms Inc., Shanghai, China). All the
mice were maintained in the standard pathogen-free animal
house. Studies were performed according to the guidelines
and approval of the Ethical Committee of Binzhou Medical
University (approval N. 2020-087).

Establishment and analysis of the murine MLL-AF9 model
A transplantable MLL-AF9-inducible murine AML model was
established as previously described.®?° Briefly, Lin- cells were
isolated from the bone marrow (BM) of wild-type (WT) or Dna-
Jjc10-knockout (KO) mice, and infected with MSCV-MLL-AF9-
IRES-YFP-expressing retrovirus. Infected cells (2-3x10°) were
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transplanted into lethally irradiated (10 Gy) C57BL/6 recipient
mice by retro-orbital injection. For serial transplantation,
3000 or 5000 purified YFP* BM leukemia cells or 2000 BM
YFP*Mac-1*c-Kit* cells or 1000 L-GMP (Lin" IL7R" Sca-1" c-Kit*
CD34* CD16/32") cells from primary or secondary recipient
mice together with 3x10° normal BM cells were transplanted
into lethally-irradiated recipients. Mice were monitored for
MLL-AF9 AML development. For the limiting dilution analysis
(LDA), the indicated numbers of YFP* WT or Dnajc10-KO MLL-
AF9 YFP* BM cells collected from secondary recipients were
co-transplanted with 3x10°competitor cells into lethally-irra-
diated recipient mice. The survival times were recorded and
the frequencies of LSC were calculated according to Poisson
statistics using ELDA software.

Flow cytometry

For flow cytometry analyses of mouse or human AML
cells, cells were stained with anti-Mac-1-APC (M1/70),
anti-Gr-1-PE (RB6-8C5), anti-CD3-APC (17A2), anti-B220-
PE (RA3-6B2), anti-c-Kit-PE/Cy7 (ACK2), anti-c-Kit-PE
(2B8), anti-Ter-119-APC (Ter-119), anti-Gr-1-APC (RB6-8C5),
anti-CD3g-APC (145-2C11), anti-Gr-1-APC (RB6-8C5), anti-
B220-APC (RA3-6B2), anti-Mac-1-PerCP/Cyanine5.5 (M1/70),
anti-Sca-1-PE/Cyanine7 (E13-161.7), anti-Sca-1-APC (D7),
anti-IL-7Ra-APC (SB/199), anti-CD34-BV421 (SA376A4), and
anti-CD16/32-APC/Cy7 (93) or anti-hCD45-PE (#555483,
BD) monoclonal antibodies. For analysis of cell apoptosis,
AML cells were stained with PE-conjugated anti-Annexin
V and 7-AAD (BD Pharmingen, China), according to the
manufacturer’s instructions. Data were analyzed using
Flowdo software.

Colony-forming unit assays

For in vitro colony-forming unit (CFU) assays, 500 YFP*Mac-1"c-Kit*
LSC-enriched fractions from the BM of secondary MLL-AF9
recipient mice were plated in methylcellulose-based medium
(M3534; Stem Cell Technologies, Shanghai, China) according to
the manufacturer’s protocol. The 1000 cells collected from three
dishes of the primary plating were seeded for the secondary
plating. The numbers of colonies and total cell numbers were
counted at 10 days post transplantation.

Results

DNAJC10 facilitates cell viability and inhibits apoptosis
of human acute myeloid leukemia cells

To determine the function of DNAJC10 in hematopoietic
malignancies, we performed an in silico analysis of DNAJCT0
MRNA expression in several leukemia microarray dataset.
Notably, DNAJCT0 expression was significantly higher in a
variety of leukemia cells compared with that in healthy BM
and hematopoietic stem/progenitor cells, including hema-
topoietic stem cells (HSC), common myeloid progenitors
(CMP), granulocyte-monocyte progenitors (GMP), multipo-
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tent progenitors (MPP), and megakaryocyte-erythrocyte overall survival (OS) (Figure 1B, Online Supplementary Figure
progenitors (MEP) (Figure 1A, Online Supplementary Figure S1C-F). As indicated by Cox regression analyses, DNAJC10
STA, B). Moreover, Kaplan-Meier results showed that the is an independent indicator of poor OS in AML patients
higher expression of DNAJCT0 is associated with inferior (Figure 1C, Online Supplementary Figure S2).
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Figure 1. Knockdown of DNAJC10 inhibits growth and promotes apoptosis of acute myeloid leukemia cells. (A) Relative tran-
scription of DNAJCT0 in different hematopoietic / myeloid compartments obtained from the online BloodSpot database. (B)
Kaplan-Meier analysis of overall survival (OS) of acute myeloid leukemia (AML) patients relative to DNAJC70 mRNA expression
levels above or below the 50 percentile in the TCGA AML cohort. (C) Univariate and multivariate Cox proportional hazard re-
gression models were used to identify independent prognostic factors and calculate Hazard Ratio (HR) in the TCGA AML cohort.
(D) Cell numbers at indicated days after infection were plotted. N=4. (E) Apoptosis was determined in NB4 cells infected with
the shRNA indicated. Representative flow cytometric plots (left) and data summary (right) are shown. N=4. ***P<0.0001 com-
pared to Scramble group. (F) Expression of cleaved CASPASE 3 was determined by immunoblotting. Cl: Confidence Interval;
HSC: hematopoietic stem cells; CMP: common myeloid progenitors; GMP: granulocyte-monocyte progenitors; MPP: multipotent
progenitors; MEP: megakaryocyte-erythrocyte progenitors; WBC: white blood cells; PB: peripheral blood; BM: bone marrow; FAB:
French-American-British. **P<0.005; ***P<0.001.
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To further explore its potential role, we examined expres-
sion of DNAJC10 in human AML cell lines. Results showed
that DNAJC10 was highly expressed in U937, THP-1, NB4
and HL-60 both at transcription and translation levels, but
not in MV4-11 and T-lymphocyte leukemia cell line Jurkat
(Online Supplementary Figure S3A, B). Next, we knocked
down expression of DNAJC70 by the lentivirus-encoded
shRNA (Online Supplementary Figure S3C-E). Remarkably,
knockdown of DNAJCT0 expression decreased the viability
of each of those leukemia cell lines with higher DNAJC10
expression. In contrast, both shRNA3 and shRNA4 had no
effect on DNAJC10 negative MV4-11 and Jurkat cells, sug-
gesting the specificity of the shRNA tested (Online Supple-
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mentary Figure S3F). Knockdown of DNAJCT0 expression
consistently induced visible cell growth inhibition in THP-1
cells (Online Supplementary Figure S3G) and reduced cell
growth in a time-dependent manner (Figure 1D). The de-
creased cell viability may have resulted from increased
apoptosis or cell cycle arrest. Interestingly, knockdown of
DNAJC10 did not change the cell cycle distribution; however,
it did significantly increase cell apoptosis rate (Figure 1E,
Online Supplementary Figure S3H). Moreover, knockdown
of DNAJC10 significantly increased cleaved CASPASE 3 ex-
pression (Figure 1F). Together, these results suggest that
DNAJC10 facilitates cell viability and inhibits apoptosis of
AML cells.
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Figure 2. Knockout of DNAJC10 expression blocks xenograft of human leukemia cells. (A) The viability of DNAJC70-wild-type (WT)
or knockout (KO) cells was determined by CCK-8 assay. N=5. (B) Representative images of DNAJCT0-WT or KO THP-1 cells at 4
days post culture. (C-F) DNAJCT0-WT or KO THP-1 cells were transfected into NSG mice. Mice were sacrificed at 28 days post
transplantation for analysis. (C) Percentages of GFP* cells in bone marrow (BM), liver, spleen, and peripheral blood (PB) at 28 days
post transplantation. N=4 mice for each group. (D) BM cells were collected and stained with anti-human CD45 antibodies. Rep-
resentative flow cytometry plots are shown. (E) Representative spleen image (left) and spleen weight summary (right). N=4 mice
for each group. ***P<0.0001 compared to Scramble group. (F) Kaplan-Meier survival curve of xenografted mice. N=8 for each

group. ***P<0.0001.
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DNAJC10 is required for the development of human
acute myeloid leukemia xenograft
CRISPR/Cas9-mediated DNAJCT0 knockout cell lines were
generated to further observe the functions of DNAJC10 in
vivo (Online Supplementary Figure S3 I, J). Notably, defi-
ciency of DNAJCT0 significantly reduced cell growth (Figure
2A, B), consistent with the results in DNAJC70 knockdown
cells mediated by shRNA. Next, we investigated the effect
of DNAJCT10 deficiency in transplanted NSG mice. Mice
transplanted with DNAJC70-KO cells displayed significantly
decreased leukemia burden as demonstrated by GFP* cells
in BM, spleen, liver, and peripheral blood (PB) compared with
the WT control (Figure 2C, D). Meanwhile, mice receiving
DNAJC10-deficient cells displayed a notable reduction in
spleen size and weight compared with mice receiving WT
cells (Figure 2E). Moreover, DNAJC10 knockout significantly
prolonged the survival of the xenografted mice (Figure 2F).
Together, these results indicate that deficiency of DNAJCT0
delayed human AML progression in xenograft recipient mice.

DNAJC10 deficiency impairs development of MLL-AF9-
induced leukemia

To gain a deeper understanding of the function of Dnajc70
on AML initiation and development, a targeted deletion
of Dnajc70 in C57BL/6 mice was created and confirmed
by Sanger sequencing, genotyping, and immunoblotting
(IB) (Online Supplementary Figure S4). Interestingly, the
Dnajc10-KO mice exhibited normal development, and no
obvious defects were observed in their growth or lifespan.
Moreover, the Dnajc10-KO mice have normal hematopoiesis
in PB and normal Lin"Sca-1*c-Kit* percentages in BM (On-
line Supplementary Figure S5), suggesting that Dnajc710 is
not required for normal hematopoiesis function, which is
consistent with a previous report.? Given that DNAJC70 was
higher in patients with MLL-rearrangement (Online Supple-
mentary Figure S1B), Dnajc10-WT or KO MLL-AF9-induced
AML murine models were established using MSCV-MLL-
AF9-IRES-YFP retroviruses (Online Supplementary Figure
S6A). Consistent with a previous report,?? these AML cells
only expressed myeloid cell markers Mac-1 and Gr-1, but
not lymphoid cell markers CD3 and B220 (Online Supple-
mentary Figure S6B, C).

Remarkably, loss of Dnajc70 had no effect on the percent-
age of YFP* leukemia cells in PB on primary transplanta-
tion (Online Supplementary Figure S6D). Mice receiving
MLL-AF9-transduced Dnajc70-KO cells also had compa-
rable survival time with those receiving Dnajc10 WT cells
(Online Supplementary Figure S6E). These results suggest
that Dnajc10 is not essential for the initiation of the MLL-
AF9-induced murine model.

Next, we examined the function of Dnajc10 on AML devel-
opment during serial transplantation. The recipient mice
receiving MLL-AF9-transduced Dnajc10-KO leukemia cells
had significantly delayed survival times compared with WT
controls (Figure 3A). Consistently, Dnajc10-KO remarkably
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decreased white blood cell (WBC) counts in the PB (Online
Supplementary Figure S6F), and decreased YFP* leukemia
cells in PB, BM, and spleen (Figure 3B, C, Online Supple-
mentary Figure S7) at second transplantation. The delayed
development of the Dnajc710-KO AML was also evident from
the significantly decreased size and weight of livers and
spleens (Figure 3D, E). Moreover, Hematoxylin&Eosin staining
displayed a significantly lower frequency of the infiltrated
Dnajc10-KO leukemia cells in livers and spleens than the
WT controls (Figure 3F). These results suggest that Dnajc10
promotes development of MLL-AF9-induced AML.

DNAJC10 is critical for the maintenance of leukemia
stem cells in MLL-AF9 leukemia

Leukemia stem cells are significantly enriched in CD34*CD38-
/ low or L-GMP fractions,? which contribute to the ma-
lignancy of leukemia. Notably, CD34*CD38" cells from AML
patient blasts expressed higher DNAJC70 than normal
HSC-enriched cells (Online Supplementary Figure S8A).
L-GMP derived from MLL-AF9 or Hoxa9/Meisla transduced
mouse also expressed higher Dnajc70 than normal HSC,
CMP and GMP, further confirming frequent overexpression
of Dnajc710 in AML LSC-enriched cells (Online Supple-
mentary Figure S8B). Therefore, we further investigated
whether Dnajc10 affects the role of LSC. Previous studies
reported that LSC are enriched in YFP*Mac-1*c-Kit* cells
in the MLL-AF9 model.>?22425 |ntriguingly, we found that
primary transplants with Dnajc70-KO cells did not reduce
YFP*Mac1*c-Kit* frequency compared with WT controls
(Online Supplementary Figure S8C, D). However, frequen-
cies of YFP*Mac-1*c-Kit* cells in Dnajc10-KO models were
simultaneously reduced in BM, spleen, and PB on second-
ary transplantation (Online Supplementary Figure S8E-G).
Moreover, both the secondary and tertiary recipient mice
receiving Dnajc10-KO YFP*Mac-1*c-Kit* cells showed longer
median leukemia latency (Online Supplementary Figure
S8H, I). Since the L-GMP population was suggested to be
another, more stringent way to determine LSC, we detected
the L-GMP frequency and showed that the percentage of
Dnajc10-KO L-GMP cells was significantly reduced compared
with the WT fraction (Figure 4A). In line with this, both the
secondary and tertiary recipient mice receiving Dnajc10-KO
L-GMP cells showed longer median leukemia latency (Fig-
ure 4B). Interestingly, the serial plating CFU assay in vitro
demonstrated that Dnajc70 deficiency abolished clonogen-
ic potential of YFP*Mac-1*c-Kit* cells, as indicated by the
dramatic decrease in the colony and total cell numbers
(Figure 4C, D). Taken together, these results indicate that
Dnajc10 is essential for LSC self-renewal.

Notably, Dnajc70 deficiency markedly increased apoptosis
of YFP*Mac-1*c-Kit* LSC-enriched populations in mice re-
ceiving a second transplant, as indicated by the increased
Annexin-V* percentage and up-regulated expression of
cleaved Caspase-3 (Figure 4E, Online Supplementary Figure
S8J). This result suggests that increased apoptosis may be
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Figure 3. DNAJC10 is required for the development of MLL-AF9-induced murine acute myeloid leukemia. (A) Survival analysis
for recipient mice receiving Dnajc10 wild-type (WT) or knockout (KO) MLL-AF9 YFP* bone marrow (BM) cells on the second trans-
plantation. (B) Data summary of percentages of YFP* leukemia cells in peripheral blood (PB), BM, and spleen of secondary recip-
ient mice receiving Dnajc710 WT or KO MLL-AF9 YFP* BM cells. (C) Representative flow cytometry plots for (B). (D) Comparison of
size of spleens and livers of secondary recipient mice. (E) Quantification of weight of livers and spleens in (D) (N=5). (F) Hema-
toxylin&Eosin staining analysis of acute myeloid leukemia infiltration in livers and spleens of secondary recipient mice.

responsible for Dnajc70 deficiency-induced reduction of
LSC frequency. To confirm that Dnajc70 deficiency reduces
frequency of the LSC, LDA was performed in Dnajc70 WT and
KO leukemia cells of secondary recipient mice. Strikingly,
the frequency of functional LSC in Dnajc10-KO MLL-AF9
model mice was only 1/12 (WT=1/67 vs. KO=1/554) of that in
WT control mice (Figure 4F, Online Supplementary Figure
S8K). Taken together, these results suggest that DNAJC10
supports LSC activity.

DNAJC10 mediates its effects in acute myeloid leukemia
cells through regulation of PERK-EIF2a-CHOP cascade
To understand the molecular mechanisms by which DNA-
JC10 promotes survival of AML, 958 DNAJC70-co-expression
genes (Online Supplementary Table S3, Online Supplemen-
tary Figure S9A) were used for further Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis. The top 20 significantly enriched GO
terms are shown in Online Supplementary Figure S9B-D.
Studies have reported that DNAJC10 is involved in quality
control of proteins in the ER by recognizing and degrading
unfolded/misfolded proteins.*'® In agreement with this,
we observed that the most significantly enriched KEGG
pathways of DNAJCT0 co-expression genes were involved
in protein processing in the ER and ubiquitin-mediated
proteolysis (Figure 5A). Moreover, transmission electron
microscopy (TEM) assay was performed and demonstrated
that DNAJC70-deficient cells displayed extensively dis-
tended and dilated ER compared with control cells (Fig-
ure 5B). Moreover, protein levels of GRP78 and GRP94, the
sentinel markers of ER stress, were significantly increased
in DNAJCT10-deficient cells (Figure 5C), further suggesting
that knockdown of DNAJC10 expression triggers ER stress
in AML cells.

Given that UPR is activated through three parallel signaling
pathways (PERK, ATF6, and IRE1) (Online Supplementary
Figure S10A),%2¢ we further analyzed the activation of these
effectors of UPR. Interestingly, knockdown of DNAJCT0 did
not induce activation of ATF6 and the IRE1/XBP1-mediated
branch, whereas it notably induced phosphorylation of PERK
and downstream EIF2a (Figure 5C). As previously report-
ed, the PERK branch mainly triggers death or apoptosis
of stressed cells.?® Therefore, the activation of the PERK-
EIF2a branch might, to some extent, explain why DNAJCT10
deletion induced apoptosis of AML cells. Furthermore, the
crucial players of the PERK branch including GADD34, CHOP,
and BAX, which triggers ER stress-induced apoptosis, were
significantly up-regulated on knockdown of DNAJCT0 (Fig-

ure 5D); vice versa, the anti-apoptotic protein BCL-2 was
decreased in DNAJC10-deficient cells (Figure 5D). Moreover,
PERKi treatment rescued expression of CHOP and BAX
(Figure 5E), partially compromised cell viability inhibition
(Figure 5F), and attenuated apoptosis (Online Supplemen-
tary Figure S10B), which were all induced by knockdown
of DNAJCT10. Together, these results suggest that DNAJCT0
knockdown-induced apoptosis and inhibition of cell viability
are linked to preferential PERK pathway activation.

PERKi treatment reverses the DNAJC10 deletion-
mediated elimination of leukemia stem cells in MLL-AF9
mice

In line with this, we found that the Perk branch was activat-
ed in Dnajc10-KO leukemic cells in vivo, as determined by
up-regulated expression of phosphorylated Eif2a, Gadd34,
Chop, and Bax (Figure 6A). Therefore, PERKi was used in a
rescue experiment performed in Dnajc70-KO or WT MLL-
AF9 mice (Online Supplementary Figure S10C). Interest-
ingly, PERKi treatment could reverse the delayed leukemic
progression induced by Dnajc10 deficiency. We observed
significant increases in the total numbers of WBC in PB
(Online Supplementary Figure S10D), in the percentage of
leukemic YFP* cells in BM (Figure 6B, Online Supplementary
Figure S10E), and a reduced OS (Figure 6C) in PERKi-treat-
ed Dnajc10-KO MLL-AF9 mice. Next, we examined the role
played by Perk in the Dnajc70 deficiency-induced elimina-
tion of AML LSC. In agreement with this, PERKi treatment
could significantly reverse the decreased YFP*Mac1*c-Kit*
frequency in the BM of MLL-AF9 mice induced by Dnajci10
deficiency (Figure 6D). The in vitro CFU assays also showed
that PERKi treatment significantly compromised Dnajc70
deficiency-induced self-renewal inhibition, as determined
by increased colony and total cell numbers (Online Sup-
plementary Figure S10F-H). Furthermore, PERKi-treated
Dnajc10-KO colonies showed much higher frequency of
YFP*Mac1*c-Kit* cells at third and fourth plating compared
to that in PERKi-free Dnajc10-KO colonies (Figure 6E). In
addition, we confirmed that PERKi treatment rescued
Dnajc10 deficiency-induced activation of Perk cascade in
YFP*Mac1*c-Kit* cells, as determined by reversed expression
of phosphorylated Eif2a, Gadd34, Chop, Bax, and cleaved
Caspase-3 (Figure 6F). Consistent with PERKIi, knockdown
of Perk expression by shRNA could also significantly reverse
Dnajc10 deficiency-induced self-renewal inhibition, as de-
termined by increased colony and total cell numbers in the
secondary plating (Online Supplementary Figure S11A-D).
Collectively, these results indicate that Dnajc70 deficien-
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Figure 4. DNAJC10 regulates the frequency of leukemia stem cells in MLL-AF9-induced leukemia. (A) Representative flow cyto-
metric analysis for wild-type (WT) and Dnajc70-knockout (KO) L-GMP cells in the bone marrow (BM) of the secondary recipients
(left) and L-GMP percentage summary (right) (WT: N=5; KO: N=6 ). The experiment was repeated three times with similar results.
(B) Survival (%) for mice receiving WT or Dnajc10 KO L-GMP cells upon the 2nd and 3rd transplantation. N=6 mice for each group.
(C and D) Representative images of colony formation of WT and Dnajc70-KO YFP*Mac-1*c-Kit* leukemia stem cell (LSC)-enriched
cells of the secondary recipients in the 1st (C) or 2nd (D) plating (left). Summary of colony numbers and cell numbers (right). Scale
bars 10uM. The experiment was repeated three times with similar results. (E) Representative flow cytometric analysis of apopto-
sis for WT or Dnajc10-KO YFP*Mac-1*c-Kit* LSC-enriched cells from secondary recipients (left). Summary of apoptosis percentage
(right) (N=5). The experiment was repeated four times with similar results. (F) Limiting dilution assays (LDA) estimating the fre-
quency of LSC in WT and Dnajc70-KO MLL-AF9 leukemia cells. The frequencies were calculated by ELDA software. Table shows
the number of recipients that developed leukemia and total number of recipients transplanted per cell dose. The experiment was
repeated three times with similar results. Results of the repeated experiements are summarized in Online Supplementary Table
S1. HR: Hazards Ratio.
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Figure 5. DNAJC10 mediates its effects in acute myeloid leukemia cells through regulation of unfolded protein response. (A) The
top 15 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with the highest enrichment of DNAJC70 co-expression genes
(Online Supplementary Figure ST0A). (B) Ultrastructural analysis by transmission electron microscopy confirmed the presence of
dilated and irregularly shaped endoplasmic reticulum in DNAJC70 knockdown AML cells. (C and D) Expression of the indicated
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cy-mediated reduction in LSC in AML mice is dependent
on activation of the Perk-Eif2a branch of UPR.

Knockout of DNAJC10 sensitized acute myeloid leukemia
cells to daunorubicin and cytarabine

Importantly, accumulation of unfolded/misfolded proteins
that exceed the folding capacity is implicated in sensitiza-

M. Li et al.

tion to multiple chemotherapy treatments as it leads to the
induction of the pro-apoptotic branch of the UPR."?" Here,
we further investigated the association between DNAJC10
and daunorubicin (DNR) / cytarabine (Ara-C) resistance.
In silico analysis indicated that “DNR + Ara-C” treatment
significantly induced DNAJCT0 expression in AML patients
(Figure 7A). Moreover, Ara-C or DNR treatment significantly
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Figure 6. PERKi treatment can partially rescue phenotypes of Dnajc70 deletion in MLL-AF9 mice. (A) Expression of the indicated
proteins in Dnajc10-knockout (KO) or wild-type (WT) YFP* bone marrow (BM) cells of the secondary transplanted mice were de-
termined by immunoblotting (IB). (B) Data summary of percentages of YFP* leukemia cells in BM at day 22 post transplantation.
(C) Survival analysis of Dnajc70 WT or KO MLL-AF9 mice on 2nd transplantation of rescue experiments. (D) Representative flow
cytometry plots for WT and Dnajc70-KO YFP*Mac-1*c-Kit* cells in the rescue experiments (left) and the data summary (right) (N=4-
6). (E) Summary of YFP*Mac-1*c-Kit* cell frequency of the colonies from 1st to 4th plating. (F) Expression of the indicated proteins
in Dnajc10-KO or WT YFP*Mac-1*c-Kit* BM cells were determined by IB in the rescue experiments.
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induced DNAJC10 and GRP78 up-regulated expression in
a dose-dependent manner (Figure 7B). Notably, AML pa-
tients with high DNAJC10 expression level tended to have
a shorter disease-free survival (DFS) after “DNR + Ara-C”
treatment (Figure 7C), suggesting that UPR activation and
up-regulated DNAJCT0 expression tend to cause AML cell
resistance to Ara-C and DNR.

Therefore, we hypothesized that blocking DNAJC70 might
sensitize AML cells to DNR and Ara-C through activating

M. Li et al.

the pro-apoptotic PERK branch of UPR. As expected, DNA-
JC10-KO cells exhibit a significantly reduced cell viability
compared to the DNAJCT0-WT cells in ER stress conditions
induced by FBS-free starvation or heat-shock (Online Sup-
plementary Figure S12A, B). Furthermore, we demonstrated
that the DNAJC10 KO cells have decreased IC,, of Ara-C
and DNR compared to DNAJC10 WT cells (Figure 7D, E,
Online Supplementary Figure S12C, D). In addition, the ICs,
of 5-Fluorouracil (F-Fu) for DNAJCT0-WT THP-1 and U937
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Figure 7. DNAJC10-deficiency sensitizes acute myeloid leukemia cells to daunorubicin and cytarabine. (A) Peripheral blood mono-
nuclear cells (PBMC) from acute myeloid leukemia (AML) patients were pre-treated with daunorubicin (DNR) + cytarabine (Ara-C)
for 24 hours (h). Relative transcription of DNAJC70 was shown (GSE218664). (B) THP-1 cells were treated with Ara-c or DNR at the
indicated concentration for 48 h, followed by immunoblotting analysis expression of DNAJC70 and GRP78. (C) Disease-free sur-
vival (DFS) was analyzed in AML patients who received Ara-C+DNR treatment based on DNAJCT0 expression level. (D, E) DNA-
JC10-WT or KO AML cells were treated with different concentrations of Ara-C, DNR or 5-Fu for 96 h, then cell viability was quan-
tified by CCK-8 assay. ICs, was calculated using non-linear regression method. (F) Proposed working model of how DNAJC10

regulates AML LSC and leukemic cells.
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cells was almost 8.5 and 5.5-fold that for DNAJC70-KO
cells (Online Supplementary Figure S12E, F).

Finally, to determine whether the activation of PERK is
responsible for DNAJC710 deficiency sensitization of AML
cells to DNR and Ara-C, DNAJCT0-WT or KO THP-1 cells
were infected with Scramble or PERK shRNA lentivirus, re-
spectively. We found that knockdown of PERK partially but
significantly reverses sensitization of THP-1 cells to Ara-C
or DNR induced by DNAJCT70-deficiency, as determined by
the ICy, value (Online Supplementary Figure S12G-1). Taken
together, these results revealed that the sensitivity of AML
cells to DNR and Ara-C significantly increased through
DNAJC10 silencing and PERK activation.

Discussion

DNAJC10, an ER co-chaperone, is part of the ERAD complex
involved in recognizing, refolding or degrading unfolded/
misfolded proteins.*® DNAJC10 had been reported to be
important in several cancers but its potential function in
AML is unknown. In this study, we systematically analyzed
the potential role of DNAJC10 in LSC self-renewal and AML
development. Based on this study, we proposed that DNA-
JC10 enhances ER protein folding, activates the pro-sur-
vival branch of UPR, and maintains ER homeostasis, thus
increasing LSC repopulation capacity, and leads to chemo-
therapy resistance. Conversely, DNAJC10 deficiency leads to
accumulation of unfolded/misfolded proteins, activates the
pro-apoptotic PERK branch of UPR, and eventually causes
apoptosis of LSC and leukemic cells (Figure 7F).

Here, our study revealed that DNAJC10 maintains LSC ac-
tivity and promotes the development of AML. The positive
roles of DNAJC10 in AML are supported by a variety of ev-
idence. 1) High expression of DNAJCT0 is an independent
poor prognostic indicator for AML. 2) Deficiency of DNAJCT0
promotes apoptosis of human AML cells both in vitro and
in vivo. 3) Dnajc10 supports the development of AML in
the MLL-AF9 mouse model. 4) Dnajc10 is over-expressed
in LSC-enriched cells and supports LSC self-renewal.
Consistent with our results, a recent report showed that
targeting the CENPU-DNAJC10 axis significantly inhibits
proliferation and metastasis in lung adenocarcinoma.”
However, DNAJC10 was found to reduce neuroblastoma
cell survival by down-regulating the UPR, suggesting its
anti-tumor function. These contradictory results indicat-
ed that the function of DNAJC10 in cancer suppression or
progression appear to be dependent on different types of
cancers and the presence of the variants. Remarkably, DNAJ
domain-containing proteins are suggested to stabilize and
assist in the transport of p53 to the mitochondria.?® Fur-
thermore, the stability and transport to the mitochondria
of wild-type p53 or mutant p53 are crucial for their tumor
suppressive and oncogenic action.?® Therefore, further
studies are needed to explore p53 regulation or DNAJC10

M. Li et al.

activity in different types of cancers.

Targeting LSC is a promising approach for blocking leu-
kemogenesis and improving outcomes of AML patients.
However, it has been a challenge to specifically target
LSC while sparing self-renewing normal HSC to protect
normal hematopoiesis, because these both appear to use
the same self-renewal signaling pathways. Interestingly,
the present study revealed that DNAJC10 was specifically
highly expressed in LSC-enriched cells but not in normal
HSC and hematopoietic progenitor cells (HPC), consistent
with a previous report that DNAJ proteins including DNAJAT,
DNAJB1, DNAJC9, DNAJC10, and DNAJC12 were all up-reg-
ulated in cancer stem cell populations relative to normal
cell populations.®*® Importantly, Dnajc10 deficiency signifi-
cantly reduced the frequency of functional LSC in MLL-AF9
model mice. Meanwhile, Dnajc710-KO mice have normal
hematopoiesis and normal LinSca-1*c-Kit* percentages
in the BM. In agreement with this, a previous report also
showed that mice lacking DNAJC10 were viable, healthy,
fertile, and displayed a normal life span.?’ Mechanistically,
we found that deficiency of DNAJC10 tends to activate
the PERK-EIF2a-CHOP axis and promotes LSC apoptosis.
However, ER stress stimulation activates both IRE1-XBP-1
and PERK pathways in HSC. Moreover, the HSC pool tend
to maintain clonal integrity by clearance of individual HSC
after stress to prevent propagation of damaged stem cells.”
These results suggest that DNAJC10 regulates normal HSC
and LSC by distinct signaling axes, and DNAJC10 has differ-
ent functions in different cell types. Taken together, these
data suggest that DNAJC10 is required to maintain the
self-renewal ability of LSC, but not HSC, which indicates
that DNAJC10 may be an ideal target for eliminating LSC.
Emerging evidence shows that DNAJC10 has a reductase
activity, cleaves the disulfide bonds of misfolded proteins,
and accelerates ERAD through its physical and function-
al associations with EDEM (ER degradation-enhancing
a-mannosidase-like protein) and GRP78.“ In line with this,
DNAJC10 has been reported to regulate ER stress-asso-
ciated apoptosis in several solid tumors.’®332 However,
the precise mechanism underlying DNAJC10 regulating ER
stress and leukemia propagation has not been fully elu-
cidated. Our observations in AML cell lines and MLL-AF9
LSC showed that DNAJC10 deficiency specifically activates
the PERK-EIF2a branch of UPR, but not the ATF6 and IRE1/
XBP1-mediated branch. More importantly, blocking the PERK
branch by PERKi or shRNA significantly compromised DNA-
JC10 deficiency-induced cell apoptosis and inhibited LSC
self-renewal, suggesting that PERK is not a by-stander, but
a contributor to DNAJC10 deletion-induced delayed leu-
kemic progression. Remarkably, we showed that DNAJC10
deficiency also selectively enhances the transcription factor
ATF4 and, subsequently, downstream effectors such as
GADD34, CHOP, and BAX. This is in agreement with previous
findings that PERK induce cell death or apoptosis through
the PERK/CHOP/BCL2 axis instead of through PERK-medi-
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ated translation inhibition or the ATF6-mediated UPR.""3:33
These results demonstrate that targeting DNAJC10 might
be a novel approach to selectively activate the PERK-EIF2a
branch of UPR to induce cancer cell apoptosis.

The combination of DNR for three days and Ara-C as a
continuous infusion for seven days (known as ‘3+7’) re-
mains the standard induction regimen for AML patients
worldwide. However, resistance to “DNR+Ara-C” therapy
is frequently encountered in the clinic.?* Moreover, the
underlying mechanisms of DNR or Ara-C resistance and
sensitivity are still unclear. Here, we prove that up-reg-
ulated DNAJC10 expression was closely related to Ara-C
and DNR resistance in AML patients. DNAJC10 deficiency
remarkably enhances DNR and Ara-C sensitivity in AML
cells. These findings suggest that DNAJC10 may be a nov-
el therapeutic target for DNR and/or Ara-C resistant AML.
Although the basal UPR represents a major cytoprotective
mechanism for cancer cells by supporting their rapid pro-
liferation in an unfavorable microenvironment, prolonged or
unalleviated ER stress may activate multiple pro-apoptotic
signaling pathways to induce cell apoptosis. Therefore,
activation of pro-apoptotic elements of the UPR, such as
CHOP and GADD34, could be useful to potentiate the ef-
fects of drugs targeting other pathways that also activate
the UPR as a protective response.® Interestingly, we found
that DNAJC10 deficiency activates the PERK-EIF20-CHOP
axis and pro-apoptotic GADD34 and BAX, which were re-
ported to be involved in regulating chemotherapy resis-
tance in multiple types of cancers.?*=" Thus, deficiency of
DNAJC10 may enhance the sensitivity of DNR and Ara-C
by activating the pro-apoptotic PERK-EIF2a-CHOP branch
of the UPR. Overall, our results suggest that inhibition
of DNAJC10 appear to be a good approach to enhance
sensitivity and decrease toxicity of DNR or Ara-C, thus
obtaining satisfactory clinical outcomes among the so-
called poor-prognosis AML subsets.

In summary, we demonstrate the expression pattern,
prognostic value, and potential regulatory mechanisms
of DNAJC10 in AML. We found that blocked expression of
DNAJC10 decreased cell viability through activating the
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