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Background: Some children with leukemia do not respond to an immunotoxin containing Pseudomonas exotoxin A.
Results:We isolated a resistant cell line and showed that aWDR85 gene deletion causes immunotoxin resistance by allowing
formation of diphthamide containing an extra methyl group.
Conclusion: LowWDR85 expression can cause immunotoxin resistance in patients.
Significance: Analysis of EF2 may reveal why some patients fail therapy.

HA22 is a recombinant immunotoxin that kills CD22-ex-
pressing cells by ADP-ribosylating and inactivating elongation
factor-2 (EF2). HA22 is composed of an Fv that binds to CD22
fused to a portion of Pseudomonas exotoxin A. HA22 is very
active in drug-resistant hairy cell leukemia but is less active in
children with acute lymphoblastic leukemia. To understand
why some patients do not respond to HA22, we isolated an
HA22-resistant lymphoma cell line and showed that resistance
was due to the inability of HA22 to ADP-ribosylate and inacti-
vate EF2. We analyzed the diphthamide synthesis genes and
found that theWDR85 gene was deleted. We show thatWDR85
knockdown conferred HA22 resistance to sensitive cells and
that sensitivity was restored by introduction of aWDR85 cDNA
into resistant cells. Analysis of EF2 in themutant cells revealed a
novel formof diphthamidewith an additionalmethyl group that
prevented ADP-ribosylation and inactivation of EF2. The
abnormal methylation appeared to be catalyzed by DPH5. Inac-
tivation of theWDR85 gene could be a mechanism of immuno-
toxin resistance in patients undergoing immunotoxin therapy.

Acute lymphoblastic leukemia (ALL)2 is the most common
pediatricmalignancy,making up�25%of childhood cancer (1).
Great advances in ALL treatment have been achieved in recent
years. However, ALL still accounts for a large percentage of
cancer-relatedmortality in pediatric patients, and survivors are

at risk ofmany treatment-related side effects (2–4). Novel ther-
apies that can improve prognosis and reduce nonspecific tox-
icities are needed.
CD22 is a B-lineage differentiation antigen that is an excel-

lent target for the therapy of hairy cell leukemia, B-lineage ALL,
and non-Hodgkin lymphoma (5, 6). We have developed a
recombinant immunotoxin (HA22/moxetumomab pasudotox)
that targets and kills CD22-expressing cells. It was constructed
by fusing the Fv portion of an antibody that reacts with CD22 to
a 38-kDa portion of Pseudomonas exotoxin A (7, 8). After bind-
ing to CD22, HA22 is internalized via receptor-mediated endo-
cytosis. After processing by furin, which releases the Fv frag-
ment from the toxin, the toxin portion is transferred to the
endoplasmic reticulum, from which it is translocated to the
cytosol, where it ADP-ribosylates and inactivates elongation
factor-2 (EF2). Protein synthesis is arrested, and programmed
cell death occurs (8). A modified histidine residue termed
“diphthamide” is required for EF2 to be ADP-ribosylated by the
catalytic domains of the toxin.
For many years, it was thought that only five enzymes

(DPH1–5) were required to modify histidine 715 in EF2 and
produce diphthamide (9). Recently, a sixth protein, WDR85
(WD repeat domain 85), was also found to be required for this
modification process (10, 11).WDR85 is aWD repeat-contain-
ing protein. Cells that do not express WDR85 are resistant to
killing by Diphtheria toxin and Pseudomonas exotoxin A (PE)
due to impaired ADP-ribosylation of EF2 (10, 11).
A pediatric phase I trial of HA22 is ongoing (ClinicalTrials.

gov identified NCT00659425), and the results are promising,
with clinical activity seen in most patients and complete
responses observed in �25% of children with chemotherapy-
refractory disease (12).However, somepatients do not respond,
whereas others relapse after initially responding to the agent.
We have undertaken studies to understand possible mecha-
nisms that can lead to resistance and recently reported that
silencing of the DPH4 gene in the HAL-01 ALL cell line results
in immunotoxin resistance (13). Here, we have selected CA46
cells, which are immunotoxin-resistant, and observed that the
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resistant cells have a deletion of theWDR85 gene, which causes
a novel modification of diphthamide in EF2 and immunotoxin
resistance.

EXPERIMENTAL PROCEDURES

Reagents—Immunotoxins HA22 and HB21-PE40 were
produced as described (14). MISSION lentiviral particles
containing WDR85 shRNA (TRCN0000160958 and
TRCN0000162819), DPH5 shRNA (TRCN0000152500), or
METTL18 shRNA (TRCN0000143529) and non-target shRNA
control transduction particles (SHC002V) were from Sigma.
pCMV6-WDR85 (expressing WDR85) was from OriGene.
Anti-actin and anti-EF2 antibodieswere fromAbcam, and anti-
WDR85 antibody was from Sigma.
A fragment containing theWDR85ORF was amplified from

pCMV6-WDR85 using the following primer: sense, 5�-AGTC-
ACAGATCTCACCATGATGGGCTGTTTCGCCCT-3�; and
antisense, 5�-AGTCACGAATTCGGTTCCCCTCCCACTC-
CCAGA-3�. The amplified fragment, which did not contain the
stop codon, was digested with BglII and EcoRI endonucleases
and then cloned into the BglII and EcoRI sites of pEGFP-N1
(Clontech). The constructed vector, pEGFP-N1-WDR85-GFP,
expressed WDR85-GFP fusion protein.
Establishment of Resistant Cell Line—The cell line CA46 was

maintained in RPMI 1640 medium with 10% FBS. To isolate
resistant cells, 2 � 107 cells were seeded in 10 ml of RPMI 1640
mediumwithHA22 at 100 ng/ml and incubated for 72 h. Resid-
ual viable cells were expanded for 4 weeks without HA22. A
second round of selection was performed in a similar manner,
and the resistant cells were expanded. A water-soluble tetrazo-
lium salt (WST) assay was performed to confirm immunotoxin
resistance, and aliquots were frozen in liquid nitrogen.
Antigen Expression and Internalization of HA22—Quantita-

tion of CD22 surface expression and HA22 internalization was
performed as described (15, 16) after excluding debris and dead
cells with forward scatter and side scatter gating strategy.
Protein Synthesis Inhibition Assay—Protein synthesis inhibi-

tion was performed as described (17).
Toxin-induced ADP-ribosylation of EF2—Cells were lysed in

0.3 ml of radioimmune precipitation assay buffer with pro-
tease inhibitors, and 0.01 ml of cell lysate (30 �g) was incu-
bated with 100 ng of HA22 in ADP-ribosylation buffer (20
mM Tris-HCl (pH 7.4), 1 mM EDTA, and 50 mM DTT) with 5
�M 6-biotin-17-NAD (Trevigen) for 60 min at 25 °C. Samples
were subjected to SDS-PAGE, followed by Western blotting
with HRP-conjugated streptavidin (Invitrogen) to detect
biotin-ADP-ribose-EF2.
Real-time RT-PCR—Measurement of mRNA levels was per-

formed by real-time RT-PCR as described (18). See supplemen-
tal “Experimental Procedures” for all primer sequences.
Immunoblots—Cells were collected, washed twice with cold

Dulbecco’s PBS, and solubilized in lysis buffer (25 nM Tris-HCl
(pH 7.5), 150 nM NaCl, 1.0% Nonidet P-40, and 0.5% sodium
deoxycholate) with membrane-blocking agent (GE Health-
care). Detection of proteins was performed as described (19).
Lentiviral Infections—CA46 or CA46-R cells were seeded at a

density of 1 � 105 cells/well in 500 �l of medium containing 1
�g/ml Polybrene in a 24-well plate and infected with various

lentiviral particles (listed above under “Reagents”). The plate
was centrifuged at 1200 � g for 90 min at room temperature
and placed in a 37 °C incubator. One day after infection, 1 ml of
mediumwas added to each well, and puromycin was added at 4
�g/ml after 72 h. Puromycin was refreshed every 3 days. The
transduced cells were maintained in puromycin and taken out
of the puromycin for 3 days before each experiment.
Electrotransfection of CA46-R Cells—CA46-R cells were

transfected with the pEGFP-N1-WDR85-GFP or pEGFP-N1
plasmid using the Amaxa Cell Line Nucleofector Kit C and
Amaxa Nucleofector (Lonza). First, 2 � 106 CA46-R cells were
harvested and suspended in 100 �l of Nucleofector Solution C,
and the cell suspension was then mixed with 2 �g of plasmid
DNA. The mixture was electrotransfected using Nucleofector
Program R-028 in the Amaxa Nucleofector. The transfected
cells were cultured in medium, and 750 �g/ml G418 was added
48 h after transfection. Three weeks after selection, GFP-ex-
pressing cells were isolated by cell sorting, and these cells used
for all studies.
EF2 Purification, In-gel Digest, and MALDI-TOF-MS

Analysis—EF2 was purified from 5 � 106 cells by ion exchange
chromatography on TOYOPEARL DEAE-650 (Tosoh Biosci-
ence) and SDS gel electrophoresis, the EF2 gel band was
digestedwith trypsin, and peptideswere fractionated by reverse
phase HPLC on Vydac C18 columns (5 �m, 250 � 2.1 mm).
Fractions were analyzed by MALDI-TOF-MS on an Ultraflex
III TOF/TOF mass spectrometer (Bruker Daltonics, Billerica,
MA). Fractions containing diphthamide-modified peptides
were further analyzed. See supplemental “Experimental Proce-
dures” for a detailed description of the procedures and mass
spectrometry data analysis.
High Resolution SNP Array Analysis—High resolution copy

number variation/SNP analysis of CA46 and CA46-R cells was
performed using the Illumina 5.0M BeadChip platform follow-
ing themanufacturer’s guidelines. GenomeStudio software was
used to analyze the data, and the final report containing the log
relative ratio and the B-allele frequency were exported
(Illumina).
Statistical Analysis—The data are expressed as the mean �

S.D. Statistical analysis was performed using Student’s t test for
comparison between two groups.

RESULTS

Establishment and Characterization of HA22-resistant Cell
Line—A cell line that was resistant to HA22 (CA46-R) was iso-
lated by repeated incubation of the parental cell line (CA46)
with 100 ng/mlHA22 as described under “Experimental Proce-
dures.” Fig. 1A shows that the sensitive cells had an IC50 of 0.6
ng/ml, whereas the resistant cells were not killed by 100 ng/ml.
To determine whether the resistance was stable, we cultured
the cells without HA22 for 22 weeks and measured their
response to HA22.We found that the cells were still fully resis-
tant toHA22 after 22 weeks (Fig. 1A).Wemeasured the growth
rate of the cells and found that the doubling time of CA46 cells
was 1.7 days and that CA46-R cells was 2.3 days.
To assess if the resistance was specific for a PE-based immu-

notoxin or extended to other cytotoxic agents, we examined
resistance to a PE-containing immunotoxin targeted at the
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transferrin receptor (HB21-PE40), as well as resistance to ricin
and cycloheximide. We found that the CA46-R cells were
resistant to HB21-PE40, but not to the two other protein syn-
thesis inhibitors, cycloheximide and ricin (Fig. 1B). These
results show that the resistance is not due to a general defect
related to protein synthesis.
Resistance Is Due to Impaired ADP-ribosylation of EF2—

There are several steps in the immunotoxin pathway that could
be modified and account for the resistance (8). The first step is
binding toCD22. The number of CD22-binding sites on the cell
surface was evaluated by flow cytometry; there was a small
decrease in CD22-binding sites that could not account for the
resistance (Fig. 2A). To explore whether decreased internaliza-
tion accounted for resistance, we measured HA22 internaliza-
tion by flow cytometry using HA22 labeled with Alexa Fluor
647 and found the total amount of HA22 internalized was only
slightly decreased in the resistant cell line (Fig. 2B). These data
indicate that decreased expression and internalization do not
account for the resistance.
The next step we measured is the amount of [3H]leucine

incorporated into protein. We found that [3H]leucine incorpo-
ration was not reduced by HA22 in the resistant cells (Fig. 2C).

This result indicates either that the toxin did not reach the
cytosol, where EF2 is located, or that the toxin could not inac-
tivate EF2. To evaluate if EF2 could be ADP-ribosylated by the
immunotoxin, HA22 and 6-biotin-17-NADwere added to cell-
free extracts prepared from sensitive or resistant cells; the pro-
teins were resolved by SDS-PAGE; and after transfer to amem-
brane, the amount of biotin-NAD incorporated into EF2 was
assessed using peroxidase-conjugated streptavidin. As shown
in Fig. 2D, we found that HA22 catalyzed the incorporation of
ADP-ribose into EF2 in extracts of sensitive CA46 cells but not
CA46-R cells and that the EF2 protein levels were similar in
both cell lines. These results indicate that EF2 probably does
not contain a functional diphthamide residue,which is required
for ADP-ribosylation of EF2, and that the resistance is due to a
defect in diphthamide biosynthesis.
Identification of a NewModification of the Diphthamide Res-

idue in CA46-R Cells—To evaluate the nature of the possible
diphthamide modifications, EF2 from CA46 and CA46-R cells
was purified and digested by trypsin. For a comprehensive com-
parison of diphthamide modifications, EF2 from HAL-01 cells,
which have normal diphthamide in EF2, and EF2 from HAL-
01-R cells, which have unmodified EF2 due to reduced expres-
sion of DPH4 (13), were also purified and digested. The tryptic
peptides from the four samples were fractionated by reverse
phase HPLC (supplemental Fig. S1A). MALDI-TOF-MS anal-
ysis of fractions containing peptide FDVHDVTLHADAIHR
(residues 702–716) modified and not modified by diphthamide
revealed significant differences among these cells (Fig. 3 and
supplemental Fig. S1). We detected unmodified His-715 (m/z
1745) in HAL-01-R cells (Fig. 3F). EF2 from parental CA46 and

FIGURE 1. A, CA46-R cells are still resistant to HA22 after being removed from
HA22 for 9 weeks. CA46-R cells were cultured in normal medium without
HA22 for the indicated number of days, followed by treatment with the indi-
cated concentrations of HA22 for 3 days. B, CA46-R cells are cross-resistant to
HB21 but are still sensitive to cycloheximide (CHX) and ricin as determined by
the WST-8 assay. CA46 and CA46-R cells were treated for 3 days with HA22
(100 ng/ml), HB21-PE40 (100 ng/ml), cycloheximide (10 �g/ml), or ricin (10
ng/ml). Sensitivity to drugs was assessed by the WST-8 assay.

FIGURE 2. A, all CA46-R cells are CD22-positive, but the intensity is slightly
decreased. Cells were incubated on ice with PE-labeled anti-CD22 antibody
for 45 min and analyzed by FACS. MFI, geometric mean of fluorescence inten-
sity. B, the internalization rate is also decreased in CA46-R cells, and it is pos-
sibly because of lower CD22 expression. Cells were incubated with Alexa
Fluor 647-labeled HA22 at 37 °C for 10 and 30 min and 1, 4, and 24 h. Internal-
ized immunotoxin is shown as the geometric mean fluorescence. C, HA22
cannot inhibit leucine incorporation in CA46-R cells. Cells were treated with
HA22 for 20 h. Protein synthesis was measured by incorporation of [3H]leu-
cine. Mean triplicate values are shown. D, HA22 is not able to ADP-ribosylate
(ADP-r) EF2 in CA46-R cells. Cell lysate (30 �g) was incubated with or without
100 ng of HA22 for 60 min at 25 °C. Samples were analyzed by Western blot-
ting with HRP-conjugated streptavidin to detect biotin-ADP-ribose-EF2. EF2
is shown as a loading control.

Modified Diphthamide Due to WDR85 Deletion

APRIL 26, 2013 • VOLUME 288 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 12307



HAL-01 cells yielded peptides with “normal” intact diphtham-
ide (m/z 1888) and a form that had lost a trimethylamino group
(m/z 1828) (Fig. 3,A and E). These correspond to peptides con-
taining normal diphthamide (Fig. 4A). CA46-R cells (Fig. 3B)
also had small amounts of these peptides, but their relative
amounts were significantly lower.
In contrast, EF2 fromCA46-R cells contained twomajor pep-

tide forms (m/z 1902 and 1843), indicating an additional mod-
ification on diphthamide. Detailed mass spectrometry analyses
indicated that the peptides represent diphthamide containing
an additional methyl group at N1 (N�) (Fig. 4B) or chemically
almost equivalent N3 (N�) of the imidazole ring (Fig. 4C).
Reduced WDR85 Expression in the CA46-R Cell Line Is

Responsible for Immunotoxin Resistance—There are six pro-
teins required for diphthamide biosynthesis: DPH1–5 and
WDR85 (10, 11, 20). Using RT-PCR, we measured the level of
themRNA for each of these proteins and found that the level of
WDR85mRNAwas extremely low in CA46-R cells (Fig. 5A and
supplemental Table S1). The levels of the mRNAs for DPH1–4

were actually increased, whereas DPH5 mRNA was similar in
both cell types (Fig. 5A). The increase inDPH1–4was observed
in three separate experiments. These data suggest thatWDR85
may control the expression of DPH1–4 through a feedback
mechanism. We also measured the level of WDR85 protein by
immunoblotting and observed that it could not be detected

FIGURE 3. Cells with a deletion of the WDR85 promoter have an additional modification on diphthamide at m/z 1902. Shown are the results from
MALDI-TOF-MS of diphthamide-containing peptides purified from different cells. MS spectra were collected in linear mode to prevent detection of metastable
forms of diphthamide peptides (see supplemental “Experimental Procedures”). A, CA46 cells. B, CA46-R cells. C, CA46-R-WDR85-GFP cells. WDR85-GFP protein
was stably transfected and expressed in CA46-R cells. D, CA46-R-GFP cells. GFP protein was stably transfected and expressed in CA46-R cells. E, HAL-01 cells.
HAL-01 is an ALL cell line. F, HAL-01-R cells. HAL-01-R is an HA22-resistant cell line derived from HAL-01 cells. DPH4 expression was reduced and His-715 in EF2
was not modified in HAL-01-R cells (13). Unmodified His715, peptide FDVHDVTLHADAIHR with unmodified His-715; Diph-�-N(CH3)3, peptide with diphthamide
that lost the trimethylamino group; DiphCH3-�-N(CH3)3, peptide with methylated diphthamide that lost the trimethylamino group; Diph, peptide with diph-
thamide; DiphCH3, peptide with methylated diphthamide.

FIGURE 4. Two potential methylation sites in diphthamide. A, normal diph-
thamide. B, methylation at N1 (N�). C, methylation at N3 (N�).
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(Fig. 5B). These data indicate that the absence of WDR85 is
responsible for the altered diphthamide modification and
resistance to HA22.
To address whether reduced expression of WDR85 is suffi-

cient by itself to produce toxin resistance, we used a lentivirus
to introduce shRNA targetingWDR85 into CA46 cells and iso-
lated transduced cells with reducedWDR85mRNAandprotein
levels (Fig. 5, C and D). We tested the cells for sensitivity to
HA22 and found that the IC50 was increased by �4-fold from
0.6 to 2.3 ng/ml (Fig. 5E).
We introduced a WDR85-GFP fusion protein into CA46-R

cells to determine whether the phenotype could be restored.
Fig. 5F shows that the transfected cells expressedWDR85-GFP
fusion protein, and Fig. 5G shows that sensitivity to HA22 was
completely restored. We analyzed EF2 from cells transfected
withWDR85 and found that themodified diphthamide form of
EF2 was absent and replaced by EF2 with normal diphthamide
(Fig. 3C).

Because DPH5 is a methyltransferase (21), we hypothesized
that DPH5 could be responsible for the abnormal methylation
of diphthamide observed in the absence ofWDR85. To confirm
this, we knocked down DPH5 expression in CA46-R cells and
found that DPH5mRNA decreased to 15% of the control level
(Fig. 6A) and that the amount of diphthamide with the addi-
tional methyl group in EF2 also significantly decreased com-
paredwith the control CA46-R cells (Fig. 6B, panels I and II). As
a specificity control, we knocked down the expression of
another methylation enzyme,METLL18, and did not observe a
change in the relative amount of diphthamide with the abnor-
mal methylation (Fig. 6B, panel III). This finding suggests that
DPH5 is responsible for the abnormal methylation of diph-
thamide in cells that lackWDR85 expression.
Deletion of the WDR85 Gene Is Responsible for Decreased

WDR85 Expression—There aremultiple mechanisms that have
been shown to explain drug resistance (22). We have recently
reported that immunotoxin resistance in the HAL-01 ALL cell

FIGURE 5. A, DPH1–5 and WDR85 mRNA levels. mRNA levels were analyzed by quantitative RT-PCR, and the data represent the average of three samples. Only
WDR85 mRNA decreased very much in CA46-R cells. B, WDR85 protein levels. Equal amounts of cell lysates from sensitive and resistant cells were subjected to
SDS-PAGE, followed by Western blotting with anti-WDR85 and anti-actin antibodies. C–E, knockdown of WDR85 by shRNA. Two different shRNAs from Sigma
were used: TRCN0000162819 (clone1) and TRCN0000160958 (clone2). C, quantitative RT-PCR showing efficient suppression of WDR85 mRNA in CA46 cells by
shRNA. D, WDR85 down-regulation by shRNA was confirmed by Western blotting. E, the sensitivity to HA22 of control and WDR85 knockdown CA46 cells was
assessed by WST assays and is expressed as a percentage of surviving cells relative to the untreated controls. The IC50 values are listed in the inset. F and
G, rescue expression of WDR85 in CA46-R cells restores sensitivity. An empty vector was used as a control. F, WDR85-GFP fusion protein expression was
confirmed by Western blotting. G, the sensitivity to HA22 of CA46-R cells after electrotransfection was assessed by WST assays and is expressed as a percentage
of surviving cells relative to the untreated controls. CA46-R GFP, pEGFP-N1-transfected CA46-R cells; CA46-R WDR85-GFP, pEGFP-N1-WDR85-GFP-transfected
CA46-R cells.

Modified Diphthamide Due to WDR85 Deletion

APRIL 26, 2013 • VOLUME 288 • NUMBER 17 JOURNAL OF BIOLOGICAL CHEMISTRY 12309



line is mediated by reversible DNA methylation in the CpG
island of theDPH4 promoter region (13). To study theWDR85
promoter in CA46-R cells, we attempted to amplify the pro-
moter region (spanning �1588 to �17 bp) by PCR using three
primer pairs and were unable to do so, suggesting that the
region was deleted in the resistant cell line. To further evaluate
this possibility, we performed high resolution SNP array analy-
sis of CA46 and CA46-R cells, which revealed a homozygous
deletion at 9q34.3 from 140,468,104 to 140,610,581 bp (human
genome sequence build 19) in the resistant cells (Fig. 7). Thus,
deletion of theWDR85 promoter and part of the coding region
accounts for the inability of CA46-R cells tomakeWDR85 pro-
tein. There are four additional genes within this deleted region
in the resistant cell line (supplemental Table S2). EHMT1
encodes a protein that has been implicated in silencing Myc-
and E2F-responsive genes and might play a role in cell cycle

transition (23). The functions of the other three genes,
ZMYND19, ARRDC1, and C9orf37, are not known.

DISCUSSION

We have described the isolation and characterization of a
Burkitt lymphoma cell line that is resistant to the cytotoxic
effect of the immunotoxin HA22. The resistant cell line has a
deletion of the WDR85 gene. In the absence of WDR85, diph-
thamide in EF2 of resistant cells has a novel modification
revealed by mass spectrometry (Fig. 3), which results in a form
of EF2 that cannot be ADP-ribosylated and inactivated by an
immunotoxin containing the catalytic portion of PE.
The CA46 cells used to select the HA22-resistant mutant

were originally isolated by Magrath et al. (24) at NCI and were
given to us 15 years ago. Because theCA46 cellswere not cloned
prior to selection with HA22, we assume that the cells with a
deletion of WDR85 and surrounding genes were present in a
small proportion of the parental cells used for the selection of
HA22 resistance and that the deletion was not induced by the
immunotoxin, which is not a mutagen.
The human WDR85 gene is an ortholog of the yeast

YBR246W gene and encodes a 50-kDa protein. It belongs to the
WD repeat protein family; members of this family have impor-
tant biological roles in signal transduction, transcription regu-
lation, cell cycle control, and apoptosis. The underlying com-
mon function of WD repeat proteins is to coordinate
multiprotein complex assemblies, where the WD repeat
domain functions as a scaffold for protein-protein interactions
(25). Carette et al. (10) have reported that His-715 in EF2 is not
modified in cells with insertional inactivation of the WDR85
gene and suggested thatWDR85 is required for the first step of
diphthamide synthesis. Subsequently, Su et al. (11) investigated
yeast cells with a deletion of the YBR246W gene in which they
overexpressed EF2 and did not detect diphthamide but did
detect some accumulation of diphthamide precursor. On the
basis of this finding, they suggested that the YBR246W gene in
yeast is required for the last step of diphthamide biosynthesis:
amidation of diphthine.
In this study, we investigated an immunotoxin-resistant cell

line inwhich theWDR85 gene is deleted. Using EF2 from resist-
ant cells, we analyzed the peptide of EF2 containing the diph-
thamide residue by mass spectrometry. Consistent with the
report by Carette et al. (10), we found that the amount of diph-
thamide-containing peptidewas drastically reduced, butwe did
not detect any unmodified His-715 in EF2, although we did
detect unmodified EF2 from HAL-01-R cells with reduced
DPH4 expression, which we analyzed as a control. Instead, we
found that diphthamide from CA46-R cells has an additional
modification, which is a methyl group attached to N1 (N�; or
chemically almost equivalent N3 (N�)) of the imidazole ring of
His-715 (Fig. 4). A methyl group at either of these positions
would prevent ADP-ribosylation of diphthamide because this
additional methyl group occupies the nitrogen atom required
for ADP-ribosylation. We also found that DPH5 is probably
responsible for adding this additionalmethyl group. Themech-
anism by which WDR85 protein prevents this methylation is
not yet established, but we have noted that theWDR85 protein
contains a WD40 repeat domain, and these domains are

FIGURE 6. Knockdown of DPH5 or METTL18 by shRNA in CA46-R cells.
A, quantitative RT-PCR showing efficient suppression of DPH5 or METTL18
mRNA in CA46-R cells by shRNA. B, MALDI-TOF-MS of EF2 tryptic peptides in
linear mode. Panel I, peptides from CA46-R cells. Panel II, peptides from DPH5
knockdown cells. Panel III, peptides from METLL18 knockdown cells. Peaks at
m/z 1831 correspond to the diphthamide-containing peptide that lost the
trimethylamino group. Peaks at m/z 1846 correspond to the diphthamide-
containing peptide with an additional methyl group in the imidazole group
of His-715 but with a lost trimethylamino group. Peaks at m/z 1890 corre-
spond to the peptide with intact diphthamide. Peaks at m/z 1904 correspond
to the peptide with diphthamide with an additional methyl group. Compari-
son of the intensity ratios of related peaks at m/z 1846/1831 and 1904/1890 in
DPH5 knockdown and METLL18 knockdown cells with the ratios of the corre-
sponding peaks in CA46-R cells suggests that knockdown of DPH5 signifi-
cantly reduced the relative intensity of the methylated diphthamide peptides
(m/z 1846 and 1904). Knockdown of METLL18 did not reduced the relative
intensity of the methylated diphthamide peptides.
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involved in protein-protein interactions. Carette et al. (10)
reported that in the absence of WDR85, DPH5 interacts more
strongly with EF2, indicating thatWDR85modulates the inter-
action of EF2 and DPH5. It is possible that WDR85 acts as an
adaptor molecule in an enzymatic complex that regulates the
methylation step of the diphthamide biosynthesis pathway.We
suggest that previous investigators did not find an abnormally
methylated form of diphthamide in EF2 because of a difference
in the experimental approach.The experimental difference that
may account for the divergent findings is that we analyzed
endogenous EF2 from WDR85 mutant cells, whereas overex-
pressed EF2 from transfected cells was analyzed in the other
studies. It is possible that EF2 overexpression and perturbation
of diphthamide biosynthesis in cells lackingWDR85 could have
led to accumulation of unmodified His-715 (10) and diphthine
(11). It also seems possible that amodified diphthamide peptide
with a larger than expected m/z could have been overlooked
during the analysis.
The deleted region in resistant CA46 cells is located at 9q34

in chromosome 9 from 140,468,104 to 140,610,581 bp (based
on build 19 of the human genome sequence). Recurrent dele-
tion of 9q34 has been found in adult normal karyotype precur-
sor B-cell ALL (26), although it is not a common finding, and
the reported deleted region does not contain theWDR85 gene.
DPH1, also namedOVCA1, is ubiquitously expressed in normal
human tissues (27). It was reported that DPH1 is deleted in
ovarian cancer (28, 29). Overexpression of DPH1 suppresses
colony formation in cultured human ovarian cancer cells (30).
In gene knock-outmice, loss ofDph1 decreases the growth rate
of embryonic fibroblasts and leads to tumorigenesis (31). These
studies led to the suggestion that DPH1 is a tumor suppressor

gene. Until now, there has been no report about the possible
role of the other diphthamide genes in relation to cancer. In this
study, we found thatWDR85 is deleted in immunotoxin-resis-
tant cells derived from the Burkitt lymphoma cell line CA46.
We believe that the WDR85 deletion existed in some cells
before selection because we did not use mutagens.
In the region deleted in CA46-R cells, four other genes are

removed. These are EHMT1, ZMYND19, ARRDC1, and
C9orf37. EHMT1was reported to be involved in the silencing of
Myc- and E2F-responsive genes and could play a role in the
G0/G1 cell cycle transition (23). Defects in the EHMT1 gene are
the cause of the chromosome 9q subtelomeric deletion syn-
drome. However, the 9q subtelomeric deletion syndrome is not
known to increase susceptibility to cancer (32). Because the
abnormal methylation of diphthamide occurs in cells with a
deletion of EHMT1, it is unlikely that this protein has a role in
the abnormalmethylation we observed. ZMYND19 is aMYND
zinc finger domain-containing protein that binds to the C ter-
minus of melanin-concentrating hormone receptor-1 and to
the N termini of �-tubulin and �-tubulin (33, 34). The function
of ZMYND19 is not clear. There is minimal reported informa-
tion about the ARRDC1 and C9orf37 genes.
In summary, we isolated an immunotoxin-resistant cell line

and found that resistance is associated with loss of the diph-
thamide synthesis geneWDR85 and formation of a novel form
of diphthamide in EF2 that cannot be ADP-ribosylated or inac-
tivated by HA22. Reduced expression of WDR85 is due to a
deletion of the WDR85 gene. This represents a novel mecha-
nism of immunotoxin resistance that will be assessed in patient
samples when they are available.

FIGURE 7. Copy number variation/SNP array results showing a homozygous deletion at 9q34.3 in CA46-R cells. The upper panel shows the log relative
ratio, and the lower panel shows the B-allele frequency for the probes used in CA46-R cells assuming CA46 as the parent cell line. Mb, megabases.
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