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Abstract

Overexpression of oncogenic MYC is the hallmark of many lymphomas and is related to
a poor prognosis. Although MYC is a potential cancer driver, therapeutic targeting is still
challenging. Here, we report that histone deacetylase 6 (HDACG6) inhibition using the novel
inhibitor Marbostat-100 (M-100) specifically alters protein-protein interactions in MYC-
dependent cancer cells and targets MYC for proteasomal degradation. Subsequently,
massive apoptosis is induced in MYC-overexpressing B-cell lymphoma cells after M-100
treatment. Besides, the application of M-100 prevents lymphoma formation in Ep-Myc
transgenic mice and efficiently slows down tumor growth in already manifested
lymphomas. Moreover, M-100 exclusively targets MYC-dependent tumor cells with little
or no side effects on non-tumor cells and tissues. HDACG6 inhibition results in pleiotropic
cellular effects, such as hyperacetylation of Tubulin. We propose a mechanism where the
heat-shock protein DNAJA3 associates with acetylated Tubulin to control MYC turnover
in malignant cells. Our data show a new mechanism how HDACG6 inhibition targets
oncogenic MYC in lymphomas and demonstrate a beneficial role of HDACSG inhibition in
MY C-dependent B-cell lymphoma.
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Introduction

B-cells are prone to lymphomagenesis due to their high proliferative capacity and
dependence on physiological DNA damage during V(D)J recombination and affinity
maturation in germinal centers (1). Non-Hodgkin’s lymphomas, such as Burkitt's
lymphoma (BL) and diffuse large B-cell lymphoma (DLBCL) are aggressive
heterogeneous lymphomas characterized by a difference in response to clinical treatment
(2). BL is typically arising from germinal center B-cells and is often characterized by
translocations of MYC to the vicinity of potent immunoglobulin enhancers, such as t(8;14)
(1). DLBCL originates from various molecular alterations, among them translocations of
BCL-6 or the anti-apoptotic factor BCL-2 (1). However, MYC translocations occur in
around 15 % of DLBCL (2), and elevated expression of MYC is correlated with poor clinical
outcome in B-cell lymphoma (3,4). Overexpression of the transcription factor MYC leads
to fatal mis-regulations of cellular metabolism, cell growth, and signaling pathways (5,6).
Moreover, MYC controls proliferation, angiogenesis, and mRNA processing in tumors
(7,8). Oncogenic MYC can recruit epigenetic modifiers, such as p300/CBP or histone
deacetylases (HDACs) HDAC1 and HDACS3 to activate or repress distinct genes in cancer
cells (8).

Pan-HDAC inhibitors (HDACI) targeting several HDACs have been shown to give
promising results in hematologic malignancies (9—11). The regulation of non-histone
proteins, in particular proto-oncogenes, by HDACI enables the control of many essential
cellular processes, such as cell survival, proliferation, protein stability, and protein
interaction (12). For example, pan-HDACI treatment has been shown to inhibit BCL-6
function by inducing BCL-6 acetylation, which leads to the de-repression of its target
genes (13). Interestingly, MYC can also be found acetylated at K423 upon pan-HDACI
treatment, which decreases MYC transcription via autoregulation and results in apoptosis
(10). Targeting singular HDACs with HDACI dissolves separate HDAC member function
in hematologic malignancies. For example, treatment of DLBCL with the HDACG6 inhibitor
ACY-1215 (Rocilinostat) activates the unfolded protein response by increasing quantity

and acetylation of heat-shock proteins (HSPs), eventually resulting in cell death (14).

Importantly, oncogenic MYC has a half-life of about 35 min when transiently expressed

(15). This high turn-over rate makes MYC a difficult target for direct inhibition. Attempts to
4
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91 directly target MYC via small molecules did not achieve adequate results as these drugs
92 underwent rapid degradation and showed unfavorably high ICso values (16). In fact,
93  physiological MYC fulfills crucial functions in many cell types, and pharmacological
94 targeting of MYC should only counteract supraphysiological MYC levels in malignant cells
95 to avoid severe side effects.

96 Here, we describe a novel targeting strategy for MYC-dependent B-cell lymphoma. The

97  highly-specific HDACSG inhibitor Marbostat-100 (M-100) induces degradation of oncogenic

98 MYC and subsequent apoptosis in B-cell ymphoma, with little or no side effects on non-

99 tumor cells and tissues. We uncover a cytoplasmic interaction network formed by Tubulin,
100 HDACSG6, and HSPs that regulates protein stability of oncogenic MYC. Our results extend
101 current knowledge on MYC in B-cell lymphomagenesis and show a new approach to
102  target oncogenic MYC in cancer.

103
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104  Materials and methods
105  For detailed methods, please refer to the supplementary data.
106 In vivo animal studies

107 Female and male C57BL/6JRj and Tg(IghMyc)22Bri ("Ep-Myc") mice with C57BL/6JR]
108 background were housed in individually ventilated cages in groups under specific-
109  pathogen-free conditions in the Experimental Biomedicine Unit at the University of Jena,
110 Germany. Mice were bred according to registration number 02-053/16, and all
111 experimental procedures were approved by the federal Thuringian "Landesamt fir
112 Verbraucherschutz" under registration number 02-030/15. All legal specifications were
113  followed regarding European guidelines 2010/63/EU. Mice were randomly assigned to
114  different treatment groups and sacrificed by cervical dislocation or CO:2 inhalation. For
115 intraperitoneal injections, M-100 was solved in 7.5 % N-methyl-2-pyrrolidone (Carl Roth
116 GmbH, Cat#P052) and 40 % PEG-400 (Carl-Roth, Cat#0144) in sterile water.

117  Cell lines and primary cultures

118  All cell lines were maintained in incubators at 37 °C and 5 % CO2.293T and NIH-3T3 cells
119  were grown in DMEM with 10 % FCS. Ramos and Raji cells were grown in RPMI 1640
120  with 10 % FCS. BL-30 cells were grown in RPMI 1640 with 20 % FCS. OCI-Ly3, SUDHL-6,
121 and CH12F3 cells were grown in RPMI 1640, supplemented with 10 % FCS, 50 uM
122 B-mercaptoethanol, 10 mM HEPES. CH12F3 cells were activated by stimulation with
123 1 ug/ml CD40L (Thermo Fisher Scientific Inc., Cat#16-0402-81, RRID:AB_468944),
124 5 ng/ml IL-4 (Thermo Fisher Scientific Inc., Cat#14-8041-62) and 1 ng/ml TGF-p1 (Cell
125  Signaling Technology, Cat#8915). All cell lines were tested regularly for Mycoplasma
126 infection and only negatively tested cell lines were used. Isolation of primary B-cells was
127  performed as previously described (17). Primary B-cells were grown in RPMI 1640 with
128 10 % FCS, 50 pyM B-mercaptoethanol, 10 mM HEPES and 0.5 % gentamicin. Activation
129  of primary B-cells was induced by the addition of 10 pg/ml LPS (from E. coli, 0O111:B4,
130  Sigma-Aldrich Inc., Cat#L4391). Ramos cells were authenticated by Eurofins Genomics
131 (Ebersberg, Germany). MYC mutation data are derived from the CCLE and COSMIC
132  databases (18,19). M-100 was dissolved to a 10 mM stock solution with DMSO and diluted
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133  to a concentration of 100 uM with PBS. Distribution of M-100 is restricted due to patent
134  rights (patent number WO2016020369 Al).

135  Flow cytometry

136  All measurements were performed using a LSR Fortessa system (BD Biosciences Inc.),
137 and data were acquired with BD FACSDIVA V8.0.1 (BD Biosciences Inc.). Immune cell
138  phenotyping was performed by staining single-cell suspensions in PBS with respective
139  antibodies (see Supplemental Data). For apoptosis detection, an Annexin V-FITC
140  Apoptosis Detection Kit (Thermo Fisher Scientific Inc., RRID:AB_2575600) was used. Cell
141 cycle analysis was performed by PI incorporation. Flow cytometry data were analyzed
142 with FlowLogic 700.2A (Inivai Technologies Pty. Ltd.).

143 CRISPR/Cas9-mediated deletion of HDACG6

144  The CRISPR/Cas9-system was utilized to delete HDACG6 in Ramos cells with the following
145 crRNA: GCCGGUUGAGGUCAUAGUUGGUUUUAGAGCUAUGCU. Oligonucleotides
146 Alt-R CRISPR-Cas9 tracrRNA, ATTO 550 (Integrated DNA Technologies, Inc.,
147  Cat#1075927) and Alt-R CRISPR-Cas9 crRNA (Integrated DNA Technologies, Inc.) were
148  mixed for targeted deletion to a final duplex concentration of 100 uM, heated for 5 min at
149 95 °C and cooled down to RT. The formation of ribonucleoprotein complexes was
150  achieved by mixing 120 pmol RNA duplex and 104 pmol Alt-R S. p. Cas9 Nuclease 3NLS
151  (Integrated DNA Technologies, Inc., Cat# 1074181) with PBS to a final volume of 5 pl.
152  The mixture was incubated for 20 min at RT and electroporated into Ramos cells using
153  Cell Line Nucleofector Kit V (Lonza, Cat#VACA-1003) according to the manufacturer's
154  protocol. In short, Ramos cells were washed once with PBS and resuspended in
155  Nucleofector solution V. Then, ribonucleoprotein complexes and Alt-R Cas9
156  Electroporation Enhancer (Integrated DNA Technologies, Inc., Cat#1075915) were mixed
157  with cells by pipetting, transferred to a cuvette and electroporation was performed in an
158 Amaxa Nucleofector device (Lonza, program 0-06). Electroporated cells were
159  resuspended in pre-warmed medium and cultivated. After 24 h, dead cells were eliminated
160 using the Dead Cell Removal Kit (Miltenyi Biotec, Cat#130-090-101) according to the
161  manufacturer's protocol. Electroporated cells were sorted after an additional 24 h using
162 ATTO 550 label (BD FACSAria lll, BD Biosciences Inc.), and expanded as single-cell

7
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163  clones in 96-well plates. Proteins were separated with SDS-PAGE and analyzed using
164  Western Blot to check for genomic deletion. The genomic region of interest was amplified

165 by conventional PCR and sequenced (Eurofins Genomics).
166 RNA isolation

167  High-quality RNA was isolated using the Direct-zol RNA Miniprep Kit (Zymo Research,
168  Cat#R2052). In short, cells were lysed in RNAPure peqGOLD (VWR International Ltd.,
169  Cat#30-1010) and mixed with an equal volume of 95 % (v/v) ethanol. RNA was bound to
170  columns, washed, and subject to on-column-digestion with DNAse | (30 U; included in the
171 kit) for 15 min at RT according to the manufacturer's protocol. RNA was eluted in RNAse-
172 free water (included in the kit). The purity of RNA was measured by absorption at A=230
173 nm, A=260 nm, and A=280 nm using a photometer (VWR International Ltd., ND-1000).

174  Quantitative real-time PCR

175  For quantitative real-time PCR experiments, cDNA was generated from up to 1 pg RNA
176  using First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Cat#K1612)
177  according to the manufacturer's protocol, and an equally mixed combination of oligo-
178  (dT)18 and random hexamer primers. Runs were performed on a StepOnePlus Real-Time
179 PCR system (Thermo Fisher Scientific Inc.) using StepOne Software v2.3 (Life
180 Technologies). PowerUp SYBR Green Master Mix (Thermo Fisher Scientific Inc.,
181  Cat#A25778) was combined with specific primers (200 pmol) and 5 ng cDNAs for a single
182 reaction in 96-well plates (MicroAmp Fast Optical 96-well reaction plate, Applied
183  Biosystems, Cat#4346906) sealed with MicroAmp Clear Adhesive Film (Applied
184  Biosystems, Cat#4306311). Technical triplets and negative controls were prepared for
185 each reaction. Polymerase started amplification after an initial denaturation step at 95 °C,
186  and all annealing steps were performed at 60 °C. Melting curves were generated for each
187  primer pair. Data analysis was performed using the comparative AACT method.

188  Proximity ligation assay

189 PLA was performed using Duolink In Situ PLA Reagents Red (Sigma Aldrich Inc.,
190 Cat#DU092008) according to the manufacturer's protocol. Ramos cells were attached to
191  coverslips with 0.1 % poly-L-lysine (Sigma Aldrich Inc., Cat#P8920) for 1 h at RT. Cells

192  were permeabilized, fixed with methanol for 10 min at -20 °C, blocked with Duolink
8
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193  blocking solution, and incubated with primary antibodies. PLA Probe Anti-Mouse MINUS
194  (Sigma Aldrich Inc.) and PLA Probe Anti-Rabbit PLUS (Sigma Aldrich Inc.) were used as
195 secondary probes. Samples were mounted with DAPI. PLA signals were detected using
196  a Nikon Ti Microscope (Aex=594 nm; Aem=624 nm). Images were taken with a Nikon DS-

197  Qi2 camera.

198 Cell fractionation

199  Cells were washed twice in PBS and centrifuged for 5 min at 700 g, RT. Then, pellets
200 were resuspended in ice-cold cytoplasma extraction buffer (10 mM HEPES-KOH, pH 7.6,
201 15 mM KCI, 2 mM MgClz, 0.1 mM EDTA, freshly prepared 1 mM DTT, protease inhibitors)
202 and incubated for 10 min on ice. Suspensions were centrifuged for 5 min at 700 g, RT,
203 and supernatant (cytoplasmic extract) was collected. Residual pellets were washed twice
204 in PBS and centrifuged for 5 min at 700 g, RT. Pellets were resuspended in ice-cold
205 nuclear extraction buffer (20 mM HEPES-KOH, pH 7.9, 420 mM NaCl, 2 mM MgClz,
206 0.2mM EDTA, 25 % (v/v) glycerin, 1 mM DTT; protease inhibitors) and incubated for
207 15 min at 4 °C. The supernatant (nuclear extract) was transferred into new reaction tubes
208 after centrifugation for 10 min at 10000g and sonicated for 5 min using a water-bath
209  sonicator (SONOREX SUPER RK106, Bandelin).

210 Immunoprecipitation

211 Protein levels were determined using the Roti-Nanoquant solution (Carl Roth GmbH,
212  Cat#K880). For IPs, lysates containing 250 g (overexpressed) or 1000 pg (endogenous)
213 protein were combined with a mixture of 50 % (v/v) protein A and 50 % (v/v) protein G
214  beads (Sigma-Aldrich Inc., Cat#P9424 and Cat#P3296) and 0.5-1 ug antibody in lysis
215  buffer overnight at 4 °C. Following control antibodies were used: Mouse IgG control (Santa
216  Cruz Biotechnology, Cat#sc-2025, RRID:AB_737182), Rabbit IgG control (Santa Cruz
217  Biotechnology, Cat#sc-2027, RRID:AB_737197). Beads were washed three times in lysis
218  buffer after incubation, resuspended in 2x Laemmli buffer to a final 1x concentration, and
219  boiled for 5 min at 95 °C.

220


https://doi.org/10.1101/2021.06.01.445760
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.01.445760; this version posted June 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

221  Results
222 HDACSG inhibition increases the survival of lymphoma-prone Ep-Myc mice.

223  Ep-Myc mice are a commonly used model for studying the spontaneous formation of B-cell
224 lymphomas due to B-cell-specific overexpression of Myc, resembling partially disease
225 phenotypes of BL or DLBCL (20). To test the biological effect of the HDACG6 inhibitor
226 M-100 on mice in vivo, we applied M-100 at 30 mg/kg or vehicle to 70-day-old wild-type
227 or Ep-Myc mice via intraperitoneal (i.p.) injection. Acetylation (Ac-) of the HDAC6
228 substrate Tubulin was increased in splenic cells 6 h and 72 h post treatment, indicating
229  efficient HDACG inhibition (Supplemental Figure 1A, B). Short-term M-100 treatment did
230 not change splenic B- and T-cell populations in Eu-Myc and wild-type mice, and myeloid

231 cells were only slightly reduced (Supplemental Figure 1C-E).

232 To study the long-term effect of M-100 on lymphomagenesis, 70-day-old Epu-Myc mice
233 that have a high incidence for lymphoma development (21), received i.p. injections with
234  M-100 or vehicle twice a week for six weeks. Mice were monitored for another six weeks
235 to check for spontaneous tumor formation after M-100 withdrawal. The survival of M-100-
236 treated Ep-Myc mice was significantly increased compared to vehicle-treated and
237 untreated mice (Figure 1A). While 60 % of the vehicle-treated Epy-Myc mice developed
238 lymphomas during this period, only one out of 17 M-100-treated animals manifested a
239 lymphoma. Interestingly, the beneficial effect of M-100 lasted even 6 weeks after M-100
240 withdrawal. Phenotyping of lymphomas from the vehicle group showed an expected 2:1
241  ratio of IgM- to IgM* B-cell tumors (Figure 1B), as previously published (22). The mean
242  spleen weight from the vehicle cohort was 265 mg compared to 120 mg from the M-100
243  cohort, indicating reduced disease progression (Figure 1C). Of note, long-term treatment
244  with M-100 did not affect the body weight of mice (Supplemental Figure 1F). We
245 analyzed lymphoid organs of surviving mice after the end of the experiment by flow
246 cytometry. No differences were observed in B-cell populations between treatment groups
247  because mice with increased percentage of B-cells showed lymphoma manifestation
248  before reaching the defined endpoint (Figure 1D). However, survivors from the M-100
249  cohort showed a significant decline in myeloid cells and an increase in T-cells compared
250 to the vehicle group (Figure 1D). Thus, shifted immune cell populations caused by long-

251  term HDACSG inhibition might prevent B-cell lymphomagenesis in Epy-Myc mice.
10
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252  Next, we assessed the curative potential of M-100 on already manifested lymphomas. We
253 treated lymphoma-bearing Ep-Myc mice with M-100 and analyzed their survival. Acute
254  M-100 treatment significantly improved survival compared to receiving no treatment
255  (Figure 1E). Taken together, long-term HDACG6 inhibition strongly reduces B-cell
256  lymphomagenesis in mice overexpression Myc.

257  M-100 specifically induces apoptosis in lymphoma B-cells.

258  To test direct effects of M-100 on lymphoma cells, we treated purified B-cells from Ep-
259  Myc mice for 72 h with increasing amounts of M-100 (Figure 2A). Purified B-cells from
260  wild-type mice were activated with 10 pg/ml LPS and served as control. B-cells from Myc-
261 driven lymphomas showed a strong induction of apoptosis already after treatment with
262 1 puM M-100. Next, we determined the 1Cso of M-100 on lymphoma B-cells from Ep-Myc
263 mice as 5.46 uM (Figure 2B). Interestingly, proliferating B-cells from wild-type mice did
264  not undergo apoptosis after M-100 treatment (Figure 2A). We also assessed the effect of
265 M-100 on the cell cycle of lymphoma cells and activated wild-type B-cells. Murine
266 lymphoma cells showed a significant increase of cells in the subG1 fraction, indicating
267 apoptosis, and a reduction in G1/S-phases 72 h after M-100 treatment (Figure 2C).
268 However, non-malignant B-cells did not show any altered cell cycle progression
269  (Figure 2C). Similarly, CH12F3 cells, a murine B-cell line harboring no Myc translocation
270  (23), did not show increased subG1 fraction after M-100 treatment (Figure 2D).

271 On a molecular basis, we detected a strong acetylation of Tubulin concluding efficient
272 Hdac6 inhibition by M-100 in murine B-cells from wild-type mice ex vivo (Figure 2E) which
273 s a striking result as M-100 was developed against human HDACG6 (24,25). Wild-type
274  B-cells upregulated the anti-apoptotic factor Bcl-2 in response to M-100 treatment
275  (Figure 2E). However, Bcl-2 protein levels remained unchanged in Ep-Myc lymphoma
276  cells upon M-100 treatment (Figure 2F). Instead, Parp-1 cleavage, a marker of apoptosis,
277 occurred 24 h after M-100 treatment in murine lymphoma cells (Figure 2F). Besides,
278  transcription of Bbc3 and Pmaip1, encoding pro-apoptotic Puma and Noxa, was increased
279 and Bcl-2 expression, measured for two transcripts, was decreased 24 h after M-100
280 treatment (Figure 2G). M-100 did not alter transcription of Myc (Figure 2G). Taken
281  together, these findings clearly indicate that M-100 exclusively targets murine lymphoma

282  cells with elevated Myc levels and induces apoptosis by preventing upregulation of Bcl-2.
11
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283 HDACSG inhibition induces apoptosis in human B-cell lymphoma cell lines.

284  We also wanted to assess the response of human B-cell lymphoma cell lines to M-100 in
285 different BL and DLBCL cell lines. All used cell lines are characterized by MYC
286 translocations or amplifications (26—31) but the individual MYC mutation profile differs
287 heavily (Figure 3A). M-100 treatment resulted in a dose-dependent induction of apoptosis
288 in human BL cell lines Ramos and Raji as demonstrated by the accumulation of
289  Annexin V* cells (Figure 3B). In fact, all tested lymphoma cell lines showed a significant
290 increase of Annexin V* cells after M-100 treatment (Figure 3C). We determined the
291  efficacy of M-100 by MTT assay, and four out of five tested cell lines showed striking dose-
292  responses to M-100 (Figure 3D). The obtained ICso0 values ranged between 2.07 uM and
293 5.25 uM M-100. Raji cells, however, were less sensitive (ICs0=17.17 uM), although a
294  substantial apoptosis induction was achieved at 4 uM M-100 (Figure 3C). Taken together,
295  M-100 treatment resulted in cell death of a wide range of human MYC-dependent BL and

296 DLBCL lymphoma cells.

297  Consistent with our findings from Ep-Myc lymphoma cells, we detected a significant
298 increase of subG1 fractions 72 h post M-100 treatment in human lymphoma cell lines
299 (Figure 3E), and a reduced entry into S-phase already 24 h post treatment
300 (Supplemental Figure 2A, B). Only BL-30 cells showed an unaltered cell cycle profile,
301  which might be explained by the high mutation rate within the MYC gene (Figure 3A, E).
302 To confirm the apoptotic response of lymphoma cells to M-100, combinatorial treatment
303 of M-100 and the caspase-specific inhibitor Z-VAD-FMK was performed (Supplemental
304 Figure 2C). The use of Z-VAD-FMK remarkably reduced the occurrence of early apoptotic
305 cells in M-100-treated Ramos cells (Supplemental Figure 2D). This highlights again that
306 cell death induction by M-100 is facilitated via the apoptotic pathway.

307 M-100is a highly-specific HDACG6 inhibitor.

308 The HDACS6 inhibitor ACY-1215 is currently undergoing clinical trials but with modest
309 results (32). We wanted to analyze if targeting properties of M-100 are superior to
310 ACY-1215 and compared both inhibitors. ACY-1215 and M-100 caused a strong
311  hyperacetylation of Tubulin in Ramos cells (Figure 4A). However, ACY-1215 treatment

312  also resulted in off-target effects at 4 uM, such as histone H3 acetylation which was similar
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313 to effects of the pan-HDACi MS-275 (Figure 4A). M-100 was highly specific at
314 physiological concentrations and only a very weak histone H3 acetylation was detected at
315 unphysiologically high concentrations (Figure 4B). Importantly, this limit is above most

316  obtained ICsp values for M-100 in B-cell ymphoma cells (Figure 2B, 3D).

317  To further validate our findings, we generated Ramos HDACG6 knock-out (KO) cells using
318 targeted CRISPR/Cas9 technology. HDAC6 KO cells were characterized by permanent
319  hyperacetylation of Tubulin (Figure 4C). Importantly, KO of HDAC6 mimics to some extent
320 the treatment with M-100 as Ramos HDACG6 KO cells showed reduced proliferation and
321 increased apoptosis compared to cells containing HDACG6 (Figure 4D, E). As expected,
322 Ramos HDACG6 KO cells were rather insensitive to M-100 treatment (ICs0=9.47 uM) as
323 measured with MTT assay (Figure 4F). However, KO of HDAC6 barely altered the
324  response of Ramos cells towards ACY-1215, revealing a very narrow window of specific
325 targeting (Figure 4F). This underlines that M-100 has improved specificity for HDAC6 and

326 preferentially induces acetylation of Tubulin but not off-targets such as histone H3.
327 HDACSG inhibition induces MYC degradation.

328 MYC-dependent lymphoma cells respond to M-100 treatment with a strong induction of
329  apoptosis. To shed further light on the underlying cellular mechanism, we treated Ramos
330 cells with different concentrations of M-100 for 6 h and 24 h. MYC protein levels were
331 already reduced 6 h after treatment with 2 uM and 4 uM M-100 (Figure 5A). Consistent
332 with our previous findings, we also detected PARP-1 cleavage 24 h after treatment with
333 M-100 (Figure 5A). Although BCL2 levels decreased after HDACG inhibition, we obtained
334 opposing results for gene expression of the BCL2 gene (Figure 5B). Expression of pro-
335 apoptotic BIM was significantly upregulated, while MYC transcription again remained

336 unaltered upon M-100 treatment (Figure 5B).

337 As we could observe apoptosis in MYC-dependent lymphoma cell lines upon M-100
338 treatment, we also tested Raji, BL-30, OCI-Ly3 and SUDHL-6 cells for their MYC levels
339  after M-100 treatment. All tested BL and DLBCL cell lines showed a substantial reduction
340 of MYC protein levels after 6 h (Figure 5C), pointing towards a general mechanism of
341 MYC degradation after HDACG inhibition. To assess if MYC degradation is regulated by

342  ubiquitin-mediated proteolysis upon HDACG6 inhibition, we performed combinatorial
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343 treatments with M-100 and the proteasome inhibitor MG132. MYC degradation was
344  efficiently blocked when proteasomes were not functioning (Figure 5D). These results
345 indicate that HDACSG inhibition by M-100 specifically provokes ubiquitination of MYC and
346  subsequent proteasomal degradation.

347 MYC degradation is associated with changes in the interactome of Ac-Tubulin.

348  HDACSG inhibition induces proteasomal degradation of MYC. To test whether this effect is
349 mediated by a direct interaction, we performed immunoprecipitations (IPs) and were able
350 to pull-down endogenous HDAC6/MYC complexes in Ramos cells (Figure 6A). However,
351 HDACSE is localized exclusively in the cytoplasm, whereas MYC is found in the cytoplasm
352 and predominantly in the nucleus (Figure 6B). Thus, we analyzed the impact of MYC
353 localization for its degradation. For this purpose, we transfected NIH-3T3 cells to express
354 GFP-MYC and treated these cells with Importazole or Leptomycin B to block nuclear
355 import or export, respectively (Figure 6C). Afterward, cells were treated with CHX to
356  induce cell-intrinsic degradation and levels of MYC-GFP were tracked via flow cytometry.
357 Interestingly, the degradation of MYC-GFP was significantly accelerated in the cytoplasm

358  but not nucleus (Figure 6C).

359 It has been previously described that MYC is associated with Tubulin (33). As we showed
360 that Tubulin is strongly acetylated in lymphoma cells after M-100 treatment, we wanted to
361 detect the cytoplasmic localization of MYC in response to M-100. We detected a close
362 localization between MYC and Ac-Tubulin in Ramos cells using proximity ligation assay
363 (PLA), even under physiological conditions (Figure 6D). PLA signals disappeared after
364 M-100 treatment, although MYC and Ac-Tubulin were still present (Figure 6D).

365 As Tubulin is an essential substrate of HDACB, a detailed interactome analysis of heavily
366 acetylated Tubulin was performed in MYC-dependent blood cancer cells via mass
367 spectrometry. Bound proteins were identified which showed either increased abundance
368 (>2-fold) or new binding to Ac-Tubulin after M-100 treatment compared to control. From
369 2309 identified proteins, treatment with M-100 led to enhanced binding of 357 proteins
370 and new binding of 323 proteins to heavily acetylated Tubulin (Figure 6E). A functional
371  annotation of the altered Tubulin interactome after M-100 treatment using the DAVID tool

372 confirmed significant changes in proteins related to acetylation, nucleotide-binding,
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373  protein transport, and ubiquitin conjugation (Figure 6E). Overrepresented protein groups
374 that attached to heavily acetylated Tubulin were HSPs from the chaperone type, including
375 DNAJ proteins (Figure 6F). For example, the chaperone member DNAJA3 which is
376 important for proteasomal degradation and was shown to interact with MYC in high-
377 throughput studies (34). Taken together, we demonstrated that MYC degradation is

378 associated with changes in the interactome of Ac-Tubulin after HDACG6 inhibition.
379 The chaperone DNAJAS3 is recruited to Ac-Tubulin and induces MYC degradation.

380 We verified the highly increased binding of DNAJA3 to Tubulin after M-100 treatment
381 using overexpression studies (Figure 7A). In addition, we demonstrated the presence of
382  Ac-Tubulin and DNAJA3 complexes endogenously in Ramos cells (Figure 7B). Of note,
383 the chaperone DNAJA3 has large and small isoforms that are generated from the
384 cleavage of precursor proteins (35,36), which we could also detect in our experiments
385 (Figure 7A, B). We used PLA to uncover a close cellular localization of DNAJA3 with
386 MYC in BL cells (Figure 7C). However, HDACSG6 inhibition rapidly reduced the number of
387 detected PLA foci per cell. These data suggest that heavily acetylated Tubulin acts as an

388 interaction hub for MYC and DNAJA3 in the cytoplasm where degradation of MYC occurs.

389 As DNAJ proteins are involved in ATP-dependent protein folding and degradation (37),
390 we investigated potential effects of DNAJA3 on MYC stability. Surprisingly, both DNAJA3
391 isoforms were able to significantly decrease high MYC levels in overexpression studies
392 (Figure 7D). Finally, we retrospectively investigated the bone marrow of Ep-Myc mice
393 treated once by i.p. with 30 mg/kg M-100. Interestingly, we could detect elevated levels of
394 DNAJA3 after M-100 treatment (Figure 7E) which could explain the observed absence of
395 lymphomagenesis in Myc-driven mice. Taken together, our results indicate that HDAC6
396 inhibition (1) results in a remodeling of the Tubulin interactome driven by hyperacetylation,
397  (2) recruitment of chaperones including DNAJA3 to Ac-Tubulin, and (3) degradation of
398 oncogenic MYC in MYC-overexpressing cells (Figure 7F). Importantly, our results could

399  be of beneficial use for the therapy of human MYC-dependent lymphoid malignancies.

400
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401 Discussion

402  The role of HDACS inhibitors in cancer therapy is still a matter of debate. A recent study
403 showed that many cancer models are tolerant to HDACG6 inhibitor treatment (38).
404 However, a deeper look into the different tumor models in light of newly emerging
405 inhibitors might be helpful in developing new strategies for cancer treatment. We
406 demonstrate that MYC-dependent lymphomas are extremely sensitive to the highly-
407  specific HDACG inhibitor M-100. HDAC6 was shown to preferentially target Tubulin dimers
408 but also deacetylate microtubules at K40 (39). While Ac-Tubulin dimers showed reduced
409 nucleation frequency, acetylated microtubules showed accelerated shrinkage (40). MYC
410 is known to associate with microtubules that facilitate nuclear import of MYC by unknown
411  mechanisms (33). Thus, microtubule acetylation might prevent transport of MYC to the
412 nucleus and prolong cytoplasmic retention. In fact, we show that cytoplasmic localization

413  of MYC promotes its proteasomal degradation.

414  The turn-over of MYC is depending on two opposing phosphorylation events of MYC at
415 T58 and S62 which determines protein stability as a phosphodegron (41,42). Our data
416  show that Raji cells which are mutated at T58 were the least sensitive to M-100. Thus,
417  efficient MYC degradation after HDACG6 inhibition might require wild-type T58 in MYC.
418 Interestingly, phosphorylation of MYC impeded its interaction with Tubulin, resulting in
419 increased MYC stability in BL (41). Vice versa, our data indicate that the association of
420 MYC with Ac-Tubulin decreases MYC stability. Moreover, our interactome data suggest
421 that hyperacetylation of Tubulin leads to recruitment of proteins related to the functional
422  annotation terms "Phosphoprotein”, "Nucleotide-binding"”, and "Ubiquitin-like conjugation™
423 which may influence the phosphodegron of MYC.

424  We did not discover effects of M-100 on direct acetylation sites of MYC in our experiments
425 (data not shown). This observation is in contrast to the effects of the pan-HDACi MS-275
426  in hematological malignancies, where direct acetylation of MYC regulated target gene
427  transcription (10). However, we were able to exclude direct transcriptional changes on
428  MYC by M-100 in murine and human cells. This is underlined by several studies showing
429  that M-100 treatment does not result in altered histone acetylation (43,25,44).
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430 In our work we reveal that M-100 treatment of B-cell lymphoma cells induces proteasomal
431 degradation of MYC. Besides, we prove that MYC forms a complex with the heat-shock
432  protein DNAJA3 and hyperacetylation of Tubulin strongly recruits DNAJA3. Studies
433  showed that DNAJA3 associates directly with the E3 ligase HUWE1 and von Hippel-
434  Lindau tumor suppressor (45). HUWEL1 is a major E3 ligase for MYC (46), which would
435 connect DNAJA3 to the turnover of MYC. Besides, DNAJA3 was shown to mediate
436  ubiquitination and degradation of oncogenic epidermal growth factor receptor (35).
437  Previous strategies to inhibit HDAC6 using ACY-1215 in B-cell lymphoma resulted in an
438  activation of the unfolded protein response by increasing quantity and acetylation of HSPs
439  (14). Similarly, we observe increased levels of the HSP DNAJAS3 in the bone marrow of
440 mice treated with M-100. In addition, our interactome analysis suggest that HDACG6
441  inhibition leads to the recruitment of several DNAJ proteins to Ac-Tubulin, making it
442  possible that other HSPs play a role in the observed MYC instability as well.

443  The occupation of MYC on distinct sets of target genes was described to depend on the
444  amount of MYC molecules (5), which might explain the adverse Bcl-2 response of murine
445  healthy and Myc-transformed B-cells to M-100 in our experiments. Ep-Myc lymphoma
446  cells treated with M-100 de-repressed Bbc3 as well as Pmaipl and repressed Bcl2
447  expression. Importantly, direct transcriptional regulation of Bbc3 and Pmaipl by Myc was
448 shown to be possible (47,48), and deficiency of Bbc3 and Pmaipl accelerated
449  lymphomagenesis in Ep-Myc mice (49). Thus, permanent upregulation of Bbc3 and
450 Pmaipl caused by HDACSG inhibition might be an explanation for the observed survival

451  prolongation of Eu-Myc mice upon long-term M-100 treatment.

452  Taken together, M-100 has potent anti-tumoral activity by targeting the stability of MYC.
453 A fully water-soluble derivative of M-100 exists, which extends possible in vivo use (24).
454  However, drug resistance to HDACG6 inhibition was recently described (50), and future

455  directions should aim for rational drug combinations to treat distinct malignancies.
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625 Figure 1: HDACSG inhibition increases survival of lymphoma-prone Eyu-Myc mice.

626  (A) Survival curves of Ep-Myc mice treated with 30 mg/kg M-100 or vehicle. Treatment
627 started at age 70 d with two injections per week for six weeks. Afterward, mice were
628 monitored for six weeks for signs of lymphoma development. The median survival of the
629 vehicle cohort was 136 d, and the median survival of the M-100 cohort could not be
630 determined for this experiment. In comparison, the survival curve of untreated Ep-Myc
631  mice (median 140 d) is shown. Log-Rank-test. (B) Lymphoma phenotypes were analyzed
632  of diseased Eu-Myc mice via flow cytometry using IgM surface expression. (C) Spleen
633  weights were compared between all monitored mice reaching endpoint (death or end of
634 the experiment). Each dot represents one mouse. Unpaired Student's t-test. (D) Flow
635 cytometry analysis was performed of immune cell populations in spleens of survivors.
636 Each dot represents one mouse. Unpaired Student's t-test. Bars depict mean. (E) Survival
637  curves of Ep-Myc mice suffering from an acute disease treated with M-100 (median 16 d)
638  or left untreated (median 6 d). Mice were treated every 72 h with M-100 (30 mg/kg) starting
639 when disease onset was present. Treatment continued until endpoint criteria were
640 reached. Log-Rank-test. *P<0.05, **P <0.01, ***P<0.001.
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Figure 2: M-100 specifically induces apoptosis in lymphoma B-cells.

(A) Apoptosis was analyzed in Epu-Myc lymphoma cells and activated (10 pg LPS/ml)

primary wild-type mouse B-cells treated for 72 h with 1 uM, 2 uM or 4 uM M-100 using

Annexin V and PI staining. (B) Cell viability was determined of Ep-Myc lymphoma cells

treated for 48 h with increasing concentrations of M-100 using MTT assay. Non-linear

regression (inhibitor vs. normalized response) was inserted and ICso was calculated. (C)

Cell cycle analysis of Ep-Myc lymphoma cells and activated B-cells treated for 72 h with
4 uM M-100 was quantified. Two-Way ANOVA (Sidak's posthoc). (D) Cell cycle analysis
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649 was performed of CH12F3 cells treated for 48 h with 2 uM M-100. Activation was
650 performed using 1 pg/ml CD40L, 5 ng/ml IL-4, and 1 ng/ml TGF-B and added 2 h after
651  M-100 treatment. CH12F3 cells harbor no Myc translocation. (E) Western Blot analysis
652 was performed of activated wild-type B-cells from three individual mice stimulated with
653 10 pg/ml LPS for 18 h and 4 uM M-100 for additional 24 h. Gapdh was used as a loading
654  control. Ac-Tub - acetylated Tubulin. (F) Western Blot analysis was performed of Eu-Myc
655 lymphoma cells treated for 6 h or 24 h with 1 yM, 2 uM or 4 uM M-100. Actin was used as
656  a loading control. cl. - cleaved. (G) Gene expression was analyzed of Eu-Myc lymphoma
657  cells treated for 24 h with 1 pM, 2 uM or 4 uM M-100 using quantitative real-time PCR
658 analysis. Fold inductions were calculated using the comparative AACT method based on
659  Actin expression. Two different transcripts, t1 and t2, were analyzed for Bcl2. One-Way
660 ANOVA (Dunnett's posthoc). Data in (A) - (D), (F), and (G) are representative of at least
661 three independent experiments. All data represent mean + SEM, if applicable. *P<0.05,
662  ***P<0.001, ns - not significant.

663

25


https://doi.org/10.1101/2021.06.01.445760
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.01.445760; this version posted June 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3
A B M-100
- - wio 1 2 4 [uM]
Cell line MYC mutations Type
31 3.4 6.5 217
Ramos® translocated BL 7 é Gt |- ol
translocated & i :@‘ ; Ramos
Raji p.-YQ32del, p.S6T, p.E39D, BL = 2 g '
p.AddV, p.T58I R il ?’ 5 { :
translocated
BL-30 p.QS50H, p.T73I, p.G105D, BL
p.S218N
Raji
SUDHL-6 translocated DLBCL
OCI-Ly3 amplified DLBCL
Annexin V
C
Ramos Raiji BL-30 SUDHL-6 OCI-Ly3
L * ddkk *k dek
1 — 1 | —
80~ 40 - 40+ 80+ 100 4 A
_— A -
2 604 A 30 A 301 604 {_ 80 _I_
[}
] ; 60 4 Y
o 40 A 201 A 20- =" 40 ‘4
£ . e 40+
c p 10 4 _ .
g o of 10 20 _i_ 20
+ . .
0 0 0 0 0
M-100 + + + + +
D Ramos Raji BL-30 SUDHL-6 OCI-Ly3
1003 100} : 1001 1003 ®qe 1004
(J .
= []
=)
B 501 504 50+ 501 50
2
3 2 o
IC50=3.37 uM ® | 1Cs=17.17 uM 1C50=4.99 uM IC50=5.25 uM IC50=2.07 uM
D i T - T T m B Al BN AL B | T T n T il ™
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10
M-100 [uM] M-100 [puM] M-100 [uM] M-100 [UM] M-100 [uM]
E
Ramos Raiji BL-30 SUDHL-6 OCI-Ly3
— | — | — | I— |
100+ - 100 4 - - - 1004 - = 1004 T - - 100 4 i GaM
s
-G
N subG1
= 504 504 504
o ol d
M-100 + +

664

665 Figure 3: HDACG6 inhibition leads to apoptosis in human B-cell lymphoma cell lines.

666  (A) Table summarizing MYC mutations in the used cell lines from the CCLE and COSMIC
667 databases. °Sequencing data were only available for subclone Ramos2G64C10. (B)

668 Ramos and Raji cells were treated for 72 h with 1 uM, 2 uM or 4 uM M-100 and apoptosis
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was analyzed by flow cytometry using Annexin V and PI staining. (C) The amount of
Annexin V* cells was analyzed for the shown cell lines after treatment with 4 uM M-100
for 72 h. Unpaired Student's t-test. (D) Cells were treated for 48 h with increasing
concentrations of M-100, and cell viability was determined using MTT assay. Non-linear
regression (inhibitor vs. normalized response) was inserted and 1Cso was calculated. (E)
Cell cycle analysis was performed of cells treated as in (D). Two-Way ANOVA (Sidak's
posthoc). Data in (B) - (E) are representative of at least three independent experiments.
All data represent mean + SEM, if applicable. *P<0.05, **P <0.01, ***P<0.001, ns - not
significant.
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680 Figure 4: M-100 is a highly-specific HDACG6 inhibitor.

681 (A) Off-target effects were assessed for M-100 and ACY-1215 by comparing acetylated
682  Tubulin (Ac-Tub) and acetylated histone 3 (Ac-H3) signals by Western blot. Treatment
683 with pan-HDACi MS-275 serves as a control for Ac-H3 signals. All treatments were
684  performed for 24 h. GAPDH was used as a loading control. (B) Different concentrations of
685 M-100 were tested for inducing Ac-H3 signals by Western blot. Vinculin was used as a
686 loading control. (C) Ramos HDAC6 (HD6) knock-out (KO) cells were generated and
687 compared to HDACG6 wild-type (WT) cells. Western Blot analysis shows absence of
688 HDACSG6. Actin serves as a loading control. (D) Proliferation was measured of Ramos
689 HDAC6 WT and Ramos HDACG6 KO cells by cell counting, and normalized to the value of
690 Ramos HDACG6 WT cells at t=72 h. Two-Way ANOVA (Sidak's posthoc). (E) Apoptosis
691 was analyzed in Ramos HDAC6 WT and Ramos HDACG6 KO cells using Annexin V and
692 Pl staining. (F) ICso was determined for Ramos HDAC6 WT and Ramos HDACG6 KO cells
693 treated for 48 h with M-100 or ACY-1215 by MTT assay. All data represent mean + SEM,
694 if applicable. Data in (A) - (F) are representative of at least three independent experiments.
695 *P<0.05.

696
697
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Figure 5: HDACSG inhibition results in MYC degradation.

(A) Western Blot analysis was performed of Ramos cells treated for 6 h or 24 h with 1 uM,
2 UM or 4 uM M-100. Levels of MYC were quantified to untreated conditions. Tubulin was
used as a loading control. cl. - cleaved (B) Gene transcription was analyzed of Ramos
cells treated for 24 h with 4 uM M-100 using quantitative real-time PCR analysis. Fold
inductions were calculated using the comparative AACT method based on GAPDH
expression. Data represent mean + SEM. Multiple t-test. (C) Western Blot analysis was
performed of indicated cell lines treated for 6 h or 24 h with 4 uM M-100. Vinculin was
used as a loading control. Ac-Tub - acetylated Tubulin. (D) Western Blot analysis was
performed of Ramos cells treated with 10 uM MG132 to block proteasomal degradation
and/or 4 uM M-100 for the indicated time points. Levels of MYC were quantified to
untreated conditions. GAPDH was used as a loading control. Data in (A) - (D) are

representative of three independent experiments. ***P<0.001.
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Figure 6: Cytoplasmic MYC degradation is associated with changes in the
interactome of Ac-Tubulin.

(A) Ramos cells were treated for 24 h with 4 pM M-100 or left untreated. Lysates were
used for IP with a-MYC antibodies and tested for HDACG6 interaction. IPs with unspecific
IgG were used as control. (B) Cytoplasmic and nuclear fractions were prepared from

Ramos cells. HDAC1 was used as a nuclear marker and Tubulin as a cytoplasmic marker.
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718 (C) NIH-3T3 cells overexpressing MYC-GFP were challenged for 1 h with inhibitors of
719  nuclear import (Importazole, IMP; 40 uM), nuclear export (Leptomycin B, LMB; 20 ng/ml)
720  or solvent. Next, cells were treated for 90 min with CHX (50 pug/ml) before flow cytometry.
721  Living cells were gated using FSC/SSC and normalized median fluorescence intensity
722 (MFI) of MYC-GFP was calculated. Data represent mean + SEM. Unpaired Student's
723  t-test. (D) PLA was performed to detect endogenous co-localization of MYC and Ac-
724  Tubulin (Ac-Tub) in Ramos cells. Cells were treated with 4 uM M-100 for 24 h. Staining
725  with unspecific IgG was used as a control. DAPI was used to stain nuclei. Scale bars
726  indicate 20 pM. Western blot analysis depicts representative protein levels of MYC and
727  Ac-Tub (long exposure) after 6 h M-100 treatment. PLA foci were counted and compared.
728  One-Way ANOVA (Dunnett's posthoc). (E) Global interactome analysis was carried out of
729 immunoprecipitated Ac-Tub via mass spectrometry. MV4-11 cells were treated for 24 h
730  with 0.5 puM M-100. Shown are counts of proteins with new or increased (>2-fold) binding
731  to Ac-Tub, or loss of binding after treatment compared to control and IgG binding. Uniprot
732 (UP) keyword annotation was performed with DAVID using all proteins that bound to Ac-
733 Tub after M-100 treatment. Adjusted (adj.) P-values are given. Ubl - Ubiquitin-like. (F) All
734  proteins belonging to the keyword “Chaperone” are depicted with their corresponding log2
735 fold change (FC). DNAJ proteins are marked in green. Data in (A) and (C) are
736  representative of three independent experiments. Data in (B) and (D) are representative

737  of two independent experiments. *P<0.05, **P<0.001.
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Figure 7: The heat-shock protein DNAJA3 is recruited to hyperacetylated Tubulin
and induces MYC degradation.

(A) 293T cells were transfected with plasmids encoding DNAJA3-Flag and were treated
for 24 h with 1 pM M-100 or left untreated. Cells were lysed in stringent lysis buffer
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743  containing 1 pM M-100. Lysates were used for IP with a-Flag antibodies to precipitate
744  DNAJA3-Flag and tested for interaction with acetylated Tubulin (Ac-Tub). Overexpression
745  of DNAJA3 generates unprocessed (up) precursor proteins. (B) Ramos cells were treated
746  for 24 h with either 0.5 uM, 4 pM M-100, 5 pM MS-275, or left untreated. Lysates were
747  used for IP with a-DNAJA3 antibodies and tested for interaction with Ac-Tub. IPs with
748 unspecific IgG were used as control. (C) PLA was performed to detect endogenous co-
749  localization of MYC and DNAJA3 in Ramos cells. Cells were treated with 4 uM M-100 for
750 the indicated time points. Staining with unspecific IgG was used as a control. DAPI was
751  used to stain nuclei. Scale bars indicate 20 pM. PLA foci were counted and compared.
752  One-Way ANOVA (Dunnett's posthoc). (D) Western Blot analysis was performed of 293T
753  cells overexpressing increasing amounts of the small (S) or large (L) isoform of DNAJA3,
754 and MYC. Vinculin was used as a loading control. Quantification of MYC was performed
755  based on Vinculin. Data represent normalized mean + SEM. Unpaired Student's t-test. (E)
756  Western Blot analysis was performed of bone marrow lysates from Eu-Myc mice after one
757  i.p. injection with M-100 (30 mg/kg) or vehicle. Small and large isoforms of Dnaja3 can be
758 noticed. Vinculin was used as a loading control. Each lane represents one individual
759  mouse. Quantification of Dnaja3 protein levels is shown based on Vinculin. (F) Scheme
760 summarizing our findings. Hyperacetylation of Tubulin by HDACSG inhibition results in the
761  recruitment of Chaperone complexes including the heat-shock protein DNAJAS3 to Tubulin.
762  High levels of DNAJA3 induce degradation of MYC. Data in (A), (B), and (D) are
763  representative of three independent experiments, data in (C) are representative of two
764  independent experiments. *P<0.05, *P<0.01, ***P<0.001.
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