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Abstract

FAM46C is one of the most recurrently mutated genes in multiple myeloma (MM), however its 

role in disease pathogenesis has not been determined. Here we demonstrate that wild type (WT) 

FAM46C overexpression induces substantial cytotoxicity in MM cells. In contrast, FAM46C 
mutations found in MM patients abrogate this cytotoxicity, indicating a survival advantage 

conferred by the FAM46C mutant phenotype. WT FAM46C overexpression downregulated IRF4, 

CEBPB, and MYC and upregulated immunoglobulin (Ig) light chain and HSPA5/BIP. 

Furthermore, pathway analysis suggests that enforced FAM46C expression activated the unfolded 

protein response (UPR) pathway and induced mitochondrial dysfunction. CRISPR-mediated 

depletion of endogenous FAM46C enhanced MM cell growth, decreased Ig light chain and BIP 

expression, activated ERK and anti-apoptotic signaling, and conferred relative resistance to 

dexamethasone and lenalidomide treatments. Genes altered in FAM46C-depleted cells were 

enriched for signaling pathways regulating estrogen, glucocorticoid, B cell receptor signaling, and 

ATM signaling. Together these results implicate FAM46C in myeloma cell growth and survival 

and identify FAM46C mutation as a contributor to myeloma pathogenesis and disease progression 

via perturbation in plasma cell differentiation and endoplasmic reticulum homeostasis.
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Introduction

The molecular basis of multiple myeloma (MM) is still incompletely understood. Cytoband 

1p12 is deleted in approximately 20% of MM patients and has been reported to associate 
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with shorter overall survival (OS) (1). The target gene on 1p12, as suggested by the presence 

of recurrent homozygous deletions, is FAM46C(2). Several studies have reported FAM46C 
mutations in 5% to 13% of primary MM tumors(3–7), implying its pathogenic relevance. We 

have previously suggested that FAM46C mutations are less frequent in newly diagnosed 

MM patients harboring deletion 17p(8), potentially inferring some overlap in function. 

Moreover, acquisition of mutations was observed in longitudinal analysis in MM patients(9), 

suggesting that FAM46C loss of function is a progression event in MM.

FAM46C belongs to the nucleotidyltransferase superfamily(10), together with 3 other 

FAM46 proteins (FAM46A, B and D). A recent study, using a combination of bioinformatics 

analyses, proposed that FAM46 proteins are novel eukaryotic non-canonical poly (A) 

polymerases and may be involved in the regulation of gene expression, cell differentiation 

and development of several malignancies(11). In a cell-based assay, FAM46C was identified 

to enhance replication of some viruses, including yellow fever virus, in response to type I 

interferon(12). FAM46C expression is also reported to correlate with the expression of 

ribosomal proteins and the eukaryotic initiation and elongation factors involved in protein 

translation in myeloma cells (3).

In the present study, we conducted a comprehensive analysis of FAM46C in MM. We found 

that enforced FAM46C expression in human MM cell lines (HMCLs) induced MM 

cytotoxicity and enhanced drug sensitivity, whereas introduction of FAM46C mutants has no 

such anti-MM activity. Furthermore, FAM46C CRISPR depletion enhanced MM cell 

growth, survival and decreased immunoglobulin (Ig) expression in MM cells.

Materials and Methods

Cells and Reagents

HMCLs were either obtained from ATCC (Manassas, VA) or provided by Dr. Leif 

Bergsagel’s laboratory from 2014 to 2016. An initial genetic analysis of these lines (CNV 

analysis) established a baseline, identifying fingerprint (developed by Dr. Leif Bergsagel and 

Dr. Jonathan Keats). The identity of cell lines was confirmed using CNV analysis each time 

samples are removed from liquid nitrogen storage for propagation. All cell lines taken from 

liquid nitrogen were thawed and maintained in RPMI-1640 media, supplemented with 5% of 

sterile fetal calf serum and antibiotics. All cell lines were maintained for three to four weeks 

(8 –10 passages) before starting experiment and they were tested negative for mycoplasma at 

the beginning and during the experiments (using mycoplasma detection kit from Lonza, 
Rockland, ME). Anti-Flag was from Sigma-Aldrich (St. Louis, MO). Anti-IRF4, anti-

CDK6, anti-PARP, anti-BIP, anti-Caspase 8, anti-CHOP, Anti-Lamin A/C, anti-p ERK1/2, 

anti ERK1/2 and anti-BCL2 were from Cell Signaling Technology (Danvers, MA). Anti-

MYC antibody was from Epitomics (Burlingame, CA). Anti-FAM46C antibodies were from 

Abcam (Cambridge, MA) and Proteintech (Chicago, IL) and their specificities were 

validated by western blot of the lysates either from the cells without FAM46C expression or 

with exogenous FAM46C expression (shown in figures). Anti-Ig lambda (λ) and kappa (κ) 

chain antibodies were from Abcam (Cambridge, MA) and Santa Cruz Biotechnology 

(Dallas, TX) respectively. Anti-HA was from Covance (Hollywood, FL). Dexamethasone 

(Dex) was from Sigma-Aldrich (St. Louis, MO). Lenalidomide (Len) and bortezomib were 
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from LC Laboratories (Woburn, MA). All Taqman probes (BIP and MAGED1) used in real 

time PCR were from Thermo Fisher Scientific (Waltham, MA).

Preparation of lentiviral virus expressing FAM46C or other proteins and infection of 
myeloma cells

Human wild-type (WT) FAM46C cDNA was purchased from Thermo Scientific (Rockford, 

IL) and were sub-cloned into a lentiviral expression vector, pCDH-CMV-MCS-EF1-copGFP 

(System Bioscience, Mountain View, CA). FAM46C tagged with Flag or HA at its C-

terminal was generated by PCR method and inserted into the modified pCDH-CMV-MCS-

EF1-copGFP or pCDH-CMV-MCS-EF1-puro. All FAM46C mutants were amplified with 

specific primers (supplemental table 1) from wild type cDNA by PCR methods and were cut 

with appropriate restriction enzymes and then subcloned into pCDH-CMV-MCS-EF1-

copGFP. Human PSMC6 cDNA was from Thermo Scientific and PSMC6 tagged with HA at 

its C-terminal was generated by PCR and inserted into the modified pCDH-CMV-MCS-

EF1-puro. All constructs were verified by sequencing. pCDH-EF1-CYMR-T2A-puro was 

from System Bioscience. Lentivirus harboring control vector and all expression constructs 

were generated and used to infect HMCLs. The infection efficiency was measured by flow 

cytometry analysis of GFP expression at day 3 after infection. Overexpression of FAM46C 

was confirmed by immunoblotting assay.

Knockout of FAM46C using CRISPR-Cas9 technology

Lentiviral constructs expressing CRISPR associated protein 9 (Cas9) and guide RNAs 

(gRNAs) were originally generated from Feng Zhang’s lab(13, 14) and were obtained from 

Addgene (Cambridge, MA). The gRNA expressing plasmid was modified by subcloning 

gRNA expressing cassette into pCDH-CMV-MCS-EF1-copGFP or pCDH-CMV-MCS-EF1-

Puro. We first established HMCLs stably expressing Cas9 by infection of HMCLs with 

lentivirus expressing Cas9, followed by selecting with blasticidin. A total of seven guide 

RNAs (gRNAs) were selected using the online CRISPR design tool on Fang Zhang’s lab 

website, including: #1 AAGTTGCCTCGTCCGTGGAT; #2 

GAACTCAAACTGACGCCGAA; #3 GTTGTACCTATCCACGGACG; #4 

TCGTCCAGACCGTCCGCAGT; #5 TTGGAAAGTTGCCTCGTCCG; #6 

ATCCCAGTTGAGCACGCTGA and #7 GCTGAAGGACATGCAATCCC. They were 

synthesized and cloned into the BbsI-digested plasmid containing the entire guide RNA 

scaffold. Lentivirus harboring non-targeting vector (NS) and all gRNA expression constructs 

were generated and used to infect HMCLs. The infection efficiency was measured by flow 

cytometry analysis of GFP expression at day 3 after infection. The expression of FAM46C 

was evaluated by immunoblotting assay. The single clones that have FAM46C knockout 

were selected using limited dilution and immunoblotting assay.

Array-Based Comparative Genomic Hybridization (aCGH)

DNA was extracted from mononuclear cells using Puregene kit (Qiagen) and the 

manufacturer’s recommended protocol. All HMCLs were run using the Human 244K 

microarray (Agilent Technologies). The digestion, labeling and hybridization steps were 

performed as previously described with minor modifications(15). Copy number 
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abnormalities (CNA) were calculated using 2 probe and 0.2 log2 filters and aberration 

detection module (ADM)-1 algorithm(16) with a threshold of 9.0.

DNA sequencing

DNA was extracted using the Qiagen AllPrep DNA/RNA Mini Kit according to the 

manufacturer’s recommendations. In order to screen HMCLs for mutations as well as to 

confirm the introduction of CRISPR-mediated FAM46C mutations, we employed the Ion 

Torrent semiconductor sequencing platform (PGM, Life Technologies, Carlsbad, CA, USA)

(8), using 20 ng of starting DNA per sample. The coding regions of FAM46C were 

amplified in 200-bp libraries using 4 pairs of customized oligos from Ion AmpliSeq 

Designer, Life Technologies (#1 Fwd primer CGAGCTGCTTTGCCATGTAGAA and #1 

Rev primer CATGGAAGATTAGGTCCAGGTCTTTG; #2 Fwd primer 

GCCACGTTTTGGTCAAAGACAAT and #2 Rev primer 

GAAGAAAAGCAAAGAATCCAGGATGATTT; #3 Fwd primer 

GGCGTCAGTTTGAGTTCAGTGT and #3 Rev primer 

TCAGCGAAGTGGTTTTGAAGGT; #4 Fwd primer 

GACATCCTTGAACAGCAGAGGAA and #4 Rev primer 

GTGGAAACCCTCAGGTCTCAAG). Libraries were templated and enriched using 

IonOneTouch2 and IonOneTouch ES automated systems, respectively. Samples were 

sequenced using the 318TM chip (ThermoFisher). Overall, we obtained an average coverage 

depth of 500X. Raw data was aligned and indexed in BAM and BAI files using the 

IonTorrent suite. Variants were called using IonTorrent Somatic VariantCaller version 

4.6.0.7 and low stringency settings (ThermoFisher). VCF files were annotated using a 

standalone application developed by the Mayo Clinic Bioinformatics Program called BioR 

(Biological Annotation Data Repository)(17). BioR includes gene annotation from NCBI/

Ensembl and UCSC, Gene annotated pathways (KEGG), tissue specificity, GeneCards and 

Gene Ontology (GO), dbSNP, GWAS catalog, HapMap, and 1000 Genomes. Somatic 

variants with a Mapping Quality <20 or read depth <10X were removed. Finally, variants of 

significant interest were visually inspected using Integrative Genomics Viewer (18, 19).

Cell viability and apoptosis assay

HMCLs were cultured in RPMI 1640 media, supplemented with 5% of sterile fetal calf 

serum and antibiotics. Cell viability was measured by 3-(4,5-dimethylthiazol)-2,5-diphenyl 

tetrazolium (MTT) dye absorbance according to the manufacturer’s instructions (Boehringer 

Mannheim). MTT assay was set up either in the absence or presence of drugs (such as Len 

and Dex). Each experimental condition was performed in triplicate and most of them were 

repeated at least twice.

Apoptosis was determined by flow cytometry analysis using the TACS Annexin V-FITC 

apoptosis detection kit (BD) according to the manufacturer’s instructions. Briefly, myeloma 

cells were harvested at day 3 after infection with lentivirus expressing wild type FAM46C or 

vector alone, washed with PBS and stained with Annexin V–FITC and PI, followed by 

analysis on CyAn ADP flow cytometer (DaKo, Denmark)
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mRNA sequencing (mRNA-seq)

MM1.S and KMS11 cells were harvested at day 3 after infection with lentivirus harboring 

either control vector or wild-type FAM46C-expressing cassette. Total RNA was prepared 

using RNeasy plus kit under the protocols of the manufacturer (Qiagen, Valencia, CA). 

mRNA-seq experiment was performed at the medical genome facility in Mayo Clinic, 

Rochester. Base calling with raw sequencing data was performed with Illumina’s RTA (v.

1.17.21.3). Each individual sample in this study has at least 80 million total reads. An 

internally developed RNA-seq analysis workflow (MAPRSeq v2.0.0)(20) was used to 

perform read alignment, quality control and expression quantification. Specifically, pair-

ended reads were aligned by TopHat (v2.0.12)(21) against hg19 genome build, quality 

control across genes was performed with RSeQC (v2.3.2)(22), gene counts were generated 

with featureCounts from Subread package (http://subread.sourceforge.net/, v1.4.4)(23). For 

each sample, gene counts were normalized against gene lengths to generate RPKM (reads 

per kilobase pair per million mapped reads) as expression levels. Differential analysis was 

then performed by Student’s t-test for two comparisons (MM1.S FAM46C vs. control, 

KMS11 FAM46C vs. control) and the complete dataset is accessible through GEO series 

accession number GSE99358. Genes were determined as differentially expressed based on 

the criteria (RPKM >=3 in at least two samples, p-value <=0.05 and fold change >= 1.5) and 

submitted to Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com/) for pathway 

enrichment analysis.

Immunoblotting analysis

Western Blot was performed according to manufacturer’s protocol. Equal amounts of protein 

were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

gels followed by transfer to PVDF membranes. Membranes were probed with primary 

antibodies overnight and then washed and incubated with horseradish peroxidase (HRP)-

conjugated-secondary antibodies. Detection was performed by the Enhanced Chemical 

Luminescence (ECL) method. When probing for multiple targets or validating equal amount 

of protein load, stripping and re-probing a single membrane were conducted. In the case of 

protein re-probed was absent, the same samples were usually re-run to validate the result.

Fractionation of cytoplasmic protein and nuclear extract was performed extraction kit 

(Thermo Scientific, Rockford, IL). Equal amounts of protein were subjected to 

immunoblotting analysis as described above.

Real-time PCR (qPCR)

Total RNA and cDNA were prepared using RNeasy plus kit and QuantiTect Reverse 

Transcription kit under the protocols of the manufacturer (Qiagen, Valencia, CA). RT-PCR 

amplification was carried out with 80 ng of cDNA in 11.25 μL of reaction mixture (TaqMan 

Universal PCR Master Mix with predesigned probes). Data quantification was performed by 

the 2−ΔΔCtmethod (24).

Gene expression profiling

To assess the gene expression changes induced by FAM46C depletion, three samples, 

including OCIMY5 cells harboring, respectively, control, FAM46C gRNA #1 and FAM46C 
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#6 gRNA, were harvested and processed for gene expression analysis. The gene expression 

profiles were generated from total RNA labeled using the Affymetrix OneStep IVT labeling 

procedure and hybridized to the Affymetrix human HTA 2.0 genechip. Gene expression 

values were extracted from the raw CEL files using Affymetrix Expression Console software 

(with SST-RMA normalization approach and log-transformation). Differentially expressed 

genes between FAM46C knockout and NS were then identified using Affymetrix 

Transcriptome Analysis Console (with one-way ANNOVA approach), with p-value cutoff at 

0.05 and fold change cutoff at 1.5. The complete dataset is accessible through GEO series 

accession number GSE99358. Ingenuity Pathway Analysis was used to perform pathway 

enrichment analysis from differentially expressed genes.

Results

FAM46C encodes a cytoplasmic protein and is frequently mutated in MM

We screened nine HMCLs using aCGH and DNA sequencing and showed that FAM46C is 

deleted and/or mutated in five of the nine lines studied. Cell line LP1 carries a FAM46C 
biallelic deletion. KMS11 and OCIMY5 have monoallelic deletions, and OPM2 and MM1.S 

carry both monoallelic deletion and missense mutations in the remaining allele (Figure 1A). 

FAM46C with a HA tag at its C-terminal was introduced into LP1 cells to validate 

specificity of an anti-FAM46C antibody. As expected, no endogenous FAM46C protein was 

detected in LP1 (Figure 1B). On the other hand, exogenous wild-type FAM46C was detected 

by both anti-HA and anti-FAM46C immunoblotting. In addition to the full-length protein, a 

short FAM46C protein was also identified by the anti-FAM46C antibody. With the exception 

of LP1, we detected both full-length and short FAM46C in all remaining HMCLs (Figure 

1C). Furthermore, we demonstrated the cytoplasmic localization of FAM46C in four 

HMCLS (Figure 1D).

FAM46C overexpression results in myeloma cytotoxicity

To better understand the role of FAM46C, we introduced lentiviruses expressing either 

FAM46C WT or control vector into three HMCLs harboring known genomic abnormalities 

affecting FAM46C. Infection efficiency, measured at day 3, was greater than 80% in all 

cases (Figure 2A). At day 6 after infection, MTT assay indicated that both untagged and 

tagged-FAM46C induced a substantial reduction of cell viability. The reduction was 

particularly noticeable in MM1.S, which harbors a FAM46C hemizygous missense mutation 

(Figure 2B). Both untagged and tagged-FAM46C showed similar anti-MM activity although 

their expression levels are different (Figure 2C).

At day 3 after infection, FAM46C overexpression induced a relative increase in apoptosis of 

8% and 16% in KMS11 and MM1.S, respectively (Figure 2D). Overall, FAM46C induced a 

significant cytotoxicity in seven of nine tested HMCLs (Figure 3A–B). The 2 HMCLs not 

showing cytotoxicity were FR4 and JJN3, both of which contain endogenous non-mutated 

FAM46C. In four non-myeloma cell lines, three were unaffected but one melanoma cell line, 

win-226 also showed a substantial reduction of viability.
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In order to determine whether FAM46C-induced cytotoxicity is protein specific, we utilized 

three lentiviral controls (empty vector and irrelevant proteins including PSMB6 and CmyR 

repressor). Only FAM46C overexpression induced a substantial cell viability reduction in 

MM cells when compared with controls (Figure 3C–D). We further demonstrated that 

FAM46C-induced cytotoxicity is dose dependent (Figure 3E–F).

We also identified HMCLs that survived FAM46C-induced cytotoxicity and stably expressed 

FAM46C. These cells were however less fit as exhibited by an increased sensitivity to anti-

myeloma therapy. Specifically, 2–3 weeks after infection, KMS11 and OPM2 cells with 

FAM46C WT overexpression showed greater sensitive to dexamethasone and lenalidomide 

than control virus infected cells (supplementary figure 1). On the other hand, RPMI8226, 

which is inherently resistant to lenalidomide, only showed a significantly improved response 

to dexamethasone.

Expression analysis identified a subset of genes altered in FAM46C overexpressing cells, 
including IRF4

To understand the underlying mechanism for FAM46C-mediated anti-myeloma activity, 

mRNA-seq profile was compared in MM1.S and KMS11 cells before and after introduction 

of FAM46C. At day 3 after infection, 422 genes were significantly altered (113 down and 

309 upregulated) in both FAM46C overexpressing cell lines (supplementary table 2). Among 

the most downregulated genes, we identified genes associated with myeloma survival and 

growth, including IRF4(25), CEBPB(26) and IL-6R. In MM1.S, down-regulated genes also 

included AURKA, AURKB(27–29) and IRF4 downstream targets, such as CDK6 and 

BCL2(25). Among FAM46C up-regulated genes, we identified genes associated with the 

unfolded protein response (UPR) (including HSPA5/BIP and PDIA4), B cell biology 

(including Ig λ chain) and additional genes involved in other malignancies (e.g. EMP3, 
BPXIP1, MAGED1 and MAGED2). Pathway analysis demonstrated mitochondrial 

dysfunction, UPR, antigen presentation pathway and NRF2-mediated oxidative stress 

response as the top canonical pathways affected (Table 1 and supplementary table 3). The 

finding of up-regulation of BIP, Immunoglobulin light chain production and multiple genes 

involved in the UPR after FAM46C introduction, suggest that FAM46C overexpression 

activates the endoplasmic reticulum (ER) stress pathway.

FAM46C overexpression induced IRF4 downregulation, lg light chain upregulation and 
UPR activation

In order to further confirm the connection of gene expression changes with FAM46C-

induced MM cytotoxicity, three HMCLs were analyzed for protein expression of FAM46C 

targets at days 2, 3 (immunoblotting), and 6 (cell viability assay) after lentivirus infection. 

Consistent with RNAseq data, IRF4 and MYC were significantly downregulated in the two 

cell lines exhibiting cytotoxicity. Ig light chain and BIP were upregulated after introduction 

of exogenous FAM46C (Figure 4A–B). Furthermore, IFR4 and MYC downregulation was 

correlated with cell viability reduction. IRF4 and MYC downregulation occurred before the 

apoptotic signal, as shown by Caspase 8 and PARP cleavage (Figure 4B). OPM2, which had 

very little change in IRF4 or MYC level, underwent less cytotoxicity (Figure 4A and B).
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We further validated our data in three HMCLs infected by lentivirus harboring control vector 

and FAM46C-HA or control PSMC6-HA expressing vectors. Although variation was seen 

across the cell lines, downregulation of IRF4, MYC, CDK6 and upregulation of Igλ, BIP 

and PBXIP1 were exclusively detected in FAM46C overexpressing cells (Figure 4C). BIP 

was upregulated after FAM46C introduction, but downstream proteins that mediated ER 

stress-induced apoptosis, such as CHOP/GADD153, was not elevated in FAM46C 

overexpressing cells. Finally, we found that two non-responsive cell lines, FR4 and JJN3, 

have no significant IRF4 or MYC downregulation after exogenous FAM46C introduction 

(Figure 4D and 4E).

FAM46C mutation confers a survival or growth advantage to MM cells

Next, we investigated the functional effect of seven different FAM46C mutants previously 

published in MM patients and HMCLs(1, 7), including five missense, one nonsense and one 

frame shift mutations (Figure 5A). We also included a construct (#8) carrying a 14 amino 

acid in-frame deletion (residues 172 to 186), a region previously described as mutational hot 

spot(1). Lentiviruses expressing wild type and mutant constructs were prepared and used to 

infect MM1.S cells. FAM46C WT expression induced a 93% cell viability reduction at day 

12 after infection (Figure 5B). Seven of eight FAM46C mutants showed less cytotoxicity 

than FAM46C WT. Accordingly, immunoblotting assay indicated that FAM46C WT induced 

the highest levels of IRF4 and MYC downregulation (Figure 5C). PolyPhen-2(30) 

mutational predictions correlated with viability assays (Figure 5D). Interestingly, mutation 

#4 (p.S115F) was predicted as a benign mutation and as predicted, demonstrated marked 

toxicity similar to that of WT FAM46C. To address the possibility that unnaturally high 

levels of virus induced FAM46C was responsible we also demonstrated that when 

exogenous wild type and mutant FAM46C were expressed at levels in OCIMY5 (which 

harbors a mono-allelic deletion of FAM46C) equivalent to the endogenous levels in XG1 (no 

deletion or mutation), only wild type FAM46C induced cell viability reduction 

(supplementary figure 2).

FAM46C deletion confers growth and survival advantages to MM cells

We next employed CRISPR-Cas9 to delete endogenous FAM46C in HMCLs. Seven gRNAs 

with the highest specificity were selected to target different regions of FAM46C (Figure 6A) 

and were lentivirally transduced into OCIMY5 cells. We sequenced FAM46C at day 4 and 

14 after lentiviral infection and confirmed that all seven gRNAs targeted the endogenous 

FAM46C at the designed positions, producing indel mutations in an increasing percentage of 

infected cells from day 4 to day 14 (supplementary figure 3). Decreased FAM46C 

endogenous expression was detected in all gRNA lentivirus infected cells (supplementary 

figure 4). At five months after infection, no endogenous FAM46C was detected in four 

gRNAs-transduced cells (Figure 6B). Those cells (GFP positive) demonstrated a growth 

advantage when were admixed with parental, non-GFP, OCIMY5 cells (Figure 6C). We also 

isolated single clones that lack detectable FAM46C protein expression from five gRNAs 

infected pools (supplementary figure 5). These clones were isolated and grown over a period 

of two months. Twelve single surviving clones were tested by MTT assay and eight of them 

increased growth (ranging from 16%–49% increase in metabolic activity) compared with 

non-targeting control virus infected cells. We further studied drug response after FAM46C 
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knockout in two MM cell lines. As shown in figure 6D–E, depletion of FAM46C was shown 

to confer resistance to Dex (in both OCIMY5 and XG1) and Len (XG1 cells) treatment, but 

had no impact on bortezomib responsiveness. FAM46C CRISPR depletion induced 

activation of ERK and its downstream anti-apoptotic signaling, such as increasing BCL2 

expression in XG1 and decreasing BIM expression in OCIMY5 (Figure 6F and 

supplementary figure 6). We also demonstrated that in XG1 and RPMI8226, that FAM46C 

depletion resulted in Ig light chain, BIP and MAGED1 downregulation (Figure 6G and 

supplementary figure 7). Gene expression analysis on two FAM46C depleted cell lines 

revealed 1005 altered transcripts (supplementary table 4). Significant alteration in signaling 

pathways affecting glucocorticoid and B cell receptor signaling, ATM signaling and protein 

ubiquitination pathways were present (supplementary table 5).

Discussion

FAM46C was recently identified as one of the most recurrently mutated genes in MM 

patients(3–7), however its function remains unknown. In the present study we confirmed that 

FAM46C is frequently mutated in HMCLs. Although FAM46C is predicted to localize in 

both, the cytoplasm and nucleus(11), we only detected protein in cytoplasmic extracts from 

four HMCLs, which is supportive of other recent reports, suggest that FAM46C function 

may be related to the regulation of mRNA stability in cytoplasm.

We further demonstrated that re-introduction of WT FAM46C in HMCLs carrying damaging 

FAM46C mutations induced substantial cytotoxicity. Conversely, the anti-myeloma activity 

induced by FAM46C overexpression is significantly reduced or abolished when a mutated 

FAM46C is employed. In our study, seven non-synonymous mutations (5 missense, 1 frame 

shift and 1 nonsense) previously identified in MM patients were cloned and introduced into 

MM cells. Six demonstrated impaired anti-myeloma activity compared with WT FAM46C, 

in accordance with a recent study, which suggested that the majority of FAM46C mutations 

found in MM patients are likely to affect FAM46 function domain (11). We demonstrated 

that endogenous FAM46C CRISPR-Cas9 knockout is not toxic but rather seems favorable 

for myeloma growth and confers resistance to dexamethasone and lenalidomide treatment. 

Together, these overexpression and deletion experiments indicate that mutation of FAM46C 
contribute to myeloma pathogenesis.

However, an analysis of MMRF coMMpass data, consistent with previously published data 

(6), did not detect a significant correlation of FAM46C expression or mutation with clinical 

overall survival (supplementary figure 8), although low FAM46C expression appears to 

associate with shorter response duration (supplementary figure 9). Thus while mutation 

confers MM survival it does not seem to impact outcomes after diagnosis.

Although the precise function of FAM46C is still unknown we have established some 

definitive areas for further investigation. For example, we demonstrated that FAM46C 
overexpression induced downregulation of several critical genes in MM survival, including 

CEBPB, IRF4, and MYC. The cell line FR4, which overexpresses IRF4 as a consequence of 

an IgH-IRF4 translocation, did not show viability reduction or IRF4/MYC downregulation 

after FAM46C overexpression. Moreover, OPM2 and LP1, which have high endogenous 
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IRF4 and CDK6 expression showed a delayed and less significant cytotoxicity after 

exogenous FAM46C introduction. In FAM46C-depleted MM cells, we found that expression 

of IRF4 and MYC were elevated or less responsive to dexamethasone or lenalidomide 

treatment compared with control. In addition, FAM46C knockout activated ERK signaling, 

an important pathway for myeloma cell proliferation and survival (31). Consistent with our 

work, a recent study demonstrated that expression of FAM46C was induced by treatment of 

hepatocellular carcinoma cells with an anti-tumor compound and expression of FAM46C 
was shown to associate with inhibition of ERK signaling(32).

Another interesting finding of this study was the upregulation of BIP, immunoglobulin light 

chain production and multiple genes involved in the UPR after FAM46C introduction, 

suggesting that FAM46C overexpression activates the ER stress pathway. FAM46C may 

regulate the UPR either directly through proteins associated with ER homeostasis or 

indirectly through upregulation of immunoglobulin production. Based on mRNA sequencing 

data, the inositol-requiring enzyme 1 (IRE-1) arm-mediated UPR is upregulated in FAM46C 
overexpressing cells, including upregulation of genes involving ER-associated protein 

degradation (such as EDEM), as well as genes that function in folding proteins such as 

protein disulfide isomerase (PDI)(33). However, not all downstream branches of the protein 

kinase RNA-like ER kinase (PERK) arm appear activated, e.g., ATF4 and CHOP/DDIT3, 

key molecules associated with ER stress-induced apoptosis, were not upregulated (34, 35). 

WT FAM46C induced the highest BIP and Ig upregulation when compared with most 

known clinical FAM46C mutants, which did not induce equivalent cytotoxicity or IRF4 and 

MYC downregulation as the wild type, further supporting that ER stress might be involved 

in initiating the FAM46C-mediated MM cytotoxicity.

Our study also supports that FAM46C is likely to physiologically involve in plasma cell Ig 

production and/or plasma cell differentiation. FAM46C overexpression induced lg light 

chain (λ in MM1.S, OPM2 and κ in KMS11) upregulation and secretion (LP1, 

supplementary figure 10), whereas FAM46C CRISPR-Cas9 induced Ig light chain 

downregulation. Indeed, FAM46C has been shown to be markedly upregulated during 

plasma cell differentiation(36). Interestingly, FAM46C overexpression induced 

downregulation of MYC, upregulation of Ig light chain and inhibition of certain branches of 

PERK are reminiscent of the final stages of plasma cell differentiation(37–39).

In summary, we demonstrated that FAM46C expression induces myeloma cytotoxicity and 

that FAM46C loss of function confers a growth and survival advantage to MM cells. These 

findings, together with sequencing data from MM patients, confirm that FAM46C mutation 

is engaged in myeloma pathogenesis or disease progression. We also demonstrated that 

FAM46C affects Ig production and genes regulating ER function suggesting a biological 

function related to plasma cell differentiation and ER homeostasis. Further studies are 

required on the identification of FAM46C binding partners and substrates, which will help 

us to fully understand FAM46C biological function and its pathological roles in MM 

development.
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Figure 1. FAM46C is frequently mutated in HMCLs and endogenous FAM46C is located in 
cytoplasmic fraction
(A) The copy-number and mutation status of FAM46C in nine HMCLs were analyzed by 

aCGH and DNA sequencing. (B) The expression of FAM46C was analyzed in LP1 cells by 

immunoblotting. No endogenous FAM46C was detected in LP1 cells infected with control 

virus by anti-FAM46C. Both anti-HA and anti-FAM46C detected exogenous FAM46-HA in 

LP1 cells infected with lentivirus expressing FAM46C-HA. Anti-FAM46C also detected 

small band in addition to full-length (f) of FAM46C, it may represent short form (s) of 

FAM46C. (C) Endogenous FAM46C expression in those HMCLs was measured by 

immunoblotting assay with anti-FAM46C antibody. (D) The subcellular location of 

FAM46C in four HMCLs was analyzed by immunoblotting cytoplasmic and nuclear 

proteins with anti-FAM46C. Biochemical fractionation was performed as described in 

materials and methods, and analyzed by western blotting using the indicated antibodies. 

IRF4 and Lamin A/C were detected as nuclear protein markers and GAPDH was detected as 

cytoplasmic protein markers. Only full length of FAM46C was shown.
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Figure 2. Overexpression of wild type FAM46C in MM cells induced cytotoxicity
Three HMCLs were infected with control (pCDH or vector) or FAM46C (F) expressing 

virus as described in methods. (A) Infection efficiency was measured at day 3 by FACS 

analysis of GFP expression, more than 80% cells were infected. (B) Cell viability was 

measured at day 6 after infection by MTT assay, it showed overexpression of both untagged 

(F) and Flag-tagged FAM46C (F-F) induced MM cytotoxicity. (C) FAM46C expression was 

measured by immunoblotting at day 3 after infection (with anti-FAM46C from Abcam). (D) 

Apoptosis assay was performed at day 3 after infection with control (vector) or FAM46C 

expressing virus using flow cytometry analysis, indicating that overexpression of FAM46C 

induced myeloma cytotoxicity.
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Figure 3. FAM46C-induced cytotoxicity was detected in the majority of myeloma cell lines tested, 
was dose dependent and specifically associated with FAM46C overexpression
(A) Nine myeloma and four non-myeloma cell lines were infected with control virus (pCDH 

or V) and FAM46C expressing virus (F) and cell viability was measured at day 6 after 

infection by MTT assay. A representative result was shown (the data was normalized to 

control for each cell line). (B) The expression of exogenous FAM46C was confirmed by 

immunoblotting assay. (C) Three HMCLs were infected with control virus or virus 

expressing FAM46C-HA, PSMC6-HA or CmyR repressor. The expression of HA-tagged 

FAM46C (F) and PSMC6 (P) was measured with anti-HA antibody at day 3 after infection. 

Cell viability was measured by MTT assay at day 6 after infection (D) and a substantial 

reduction of cell viability was only detected in FAM46C overexpressing cells. (E–F) 

FAM46C-induced cytotoxicity is dose dependent. MM1.S were infected with serially diluted 

virus expressing Flag-tagged FAM46C (from high WT1 to low WT 3) and compared with 

cells infected with vector virus (with high titer of virus) by MTT assay at day 5 and 

immunobloting assay with anti-FAM46C at day 3. Expression of FAM46C was normalized 

by the loading control (GAPDH) and quantified (number under images) by densitometry 

with Image J software (http://rsb.info.nih.gov/ij).
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Figure 4. FAM46C overexpression induced IRF4 downregulation, lg light chain up-regulation 
and activation of UPR
(A) Three HMCLs were infected with the control virus (pCDH or V) or FAM46C (F) 

expressing virus. The cell viability was measured at day 6 after infection. (B) IRF-4, MYC, 

Caspase 8, PARP, Ig λ and BIP protein expression was measured at day 2 and day 3 after 

infection. (C) The protein changes were also measured in three cell lines at day 3 after 

infection of control virus (V) or virus expressing FAM46C-HA (F) or pSMC6-HA (P) by 

immunoblotting. (D–E) Two cell lines (FR4 and JJN3) that showed no cytotoxicity after 

FAM46C overexpression were analyzed by immunoblotting to compare with other cell lines.
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Figure 5. FAM46C mutants previously identified in MM cells have no or reduced anti-myeloma 
activity
(A) The schematic diagram of FAM46C protein and eight FAM46C mutants generated in 

this study. (B) MM1.S cells were infected with control virus (pCDH) and virus expressing 

wild type (Wt) or mutated FAM46C. At day 12 after infection, the viability of each infected 

cells was measured by MTT assay. (C) The expression of exogenous FAM46C and other 

proteins at day 3 after infection was analyzed by immunoblotting assay. (D) Five missense 

mutations tested above were analyzed using PolyPhen-2 software and the prediction results 

from two classification models are shown.

Zhu et al. Page 18

Cancer Res. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Knockout of FAM46C favors myeloma growth, survival and induces downregulation of 
Ig light chain and BIP
(A) The schematic diagram of FAM46C protein, cDNA and FAM46C gRNAs generated in 

this study. CRISPR-cas9 technology was used to knockout endogenous FAM46C in MM 

cells. (B) The expression of FAM46C in #1, #4, #5 and #6 gRNA transduced OCIMY5 cells 

were examined at five months after infection by immunoblotting. No FAM46C protein (both 

full length and short form) was detected in those cells. (C) The FAM46C deficient cells 

(GFP+) were admixed 30:70 with parental OCIMY5 (GFP−), followed by flow cytometry 

analysis of the percent of surviving GFP+ population weekly. FAM46C deleted cells have 

growth advantage compared with parental cells. (D–E) OCIMY5 and XG1 cells harboring 

control virus (NS) or two FAM46C gRNAs were treated without or with dexamethasone 

(5μM for XG1 and 10 μM for OCIMY5), Lenalidomide (5 μM, XG1) and Bortezomib 

(3.5nM, OCIMY5), and then cell viability was measured by MTT assay at day 5. The cells 

treated at the same condition were also harvested at day 3 for Immunoblotting assay (F). (G) 
XG1 cells were infected with control virus and lentivirus expressing indicated FAM46C 

CRISPRs. The protein lysate prepared from those infected cells at one and two months after 

infection was analyzed by immunoblotting. The expression of Ig light chain and BIP was 

decreased in FAM46C CRISPRs transduced cells.

Zhu et al. Page 19

Cancer Res. Author manuscript; available in PMC 2018 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhu et al. Page 20

Table 1

Pathway analysis of the genes whose expression was significantly altered after introduction of FAM46C in 

MM cells

Ingenuity Canonical Pathways p-value

Mitochondrial Dysfunction 1.41E-07

Unfolded protein response 6.76E-06

Antigen Presentation Pathway 5.75E-05

Lipid Antigen Presentation by CD1 1.05E-04

NRF2-mediated Oxidative Stress Response 1.51E-04

phagosome maturation 4.27E-04

Dolichyl-diphosphooligosaccharide Biosynthesis 7.08E-04

tRNA Charging 7.59E-04

Oxidative Phosphorylation 1.00E-03

Aryl Hydrocarbon Receptor Signaling 1.29E-03

Glutathione Redox Reactions II 2.04E-03

Aldosterone Signaling in Epithelial Cells 2.24E-03

Tetrahydrofolate Salvage from 5,10-methenyltetrahydrofolate 3.31E-03

Prostate Cancer Signaling 4.37E-03

Chondroitin and Dermatan Biosynthesis 5.01E-03

MM1.S and KMS11 cells were harvested at day 3 after infection with lentivirus harboring either control vector or wild-type FAM46C-expressing 
cassette and analyzed by mRNA-seq assay. Differential analysis was then performed by Student’s t-test for two comparisons (MM1.S FAM46C vs. 
control, KMS11 FAM46C vs. control). Genes determined as differentially expressed were submitted to Ingenuity Pathway Analysis (IPA,http://
www.ingenuity.com/) for pathway enrichment analysis. The top canonical pathways significantly affected by FAM46C overexpression were 
identified and listed.
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